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Measurements have been made of ( directional correlations of

the 317 Kev-469 Key and 875 Kev-469 Key cascades in Ph105, the 569

Key-216 Key cascade in Tc97, the 238 Key-307 Key cascade in Ru101

and the 527 Key-89 Key and 353 Key-89 Key cascades in Rh99. High

resolution Ge(Li) and NaI(T1) detectors system were used.

With the help of internal conversion data and data produced from

"angular distribution of radiation from oriented nuclei" done in Los

Alamos it was possible to determine the multipole mixing ratios.

Results of the measurements, given in terms of the nucleus under

investigation and the energy (in Key) of the mixed-multipole gamma

transition were:
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The possibility of describing some excited states of odd-A nuclei

in terms of excitation of the even-even vibrational core is investigated
in the four isotopes under study plus both of the Ru103 and Pd105 iso-

topes. An order of magnitude calculation is carried out for the deter-
mining of ir multipole mixing ratio S for the 319 Key transition in

Pd105 which seems to be a likely candidate for core excitation state.

The outcome seems to be reasonable though more information is still

needed for precise calculations.
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Angular Correlation Studies of i',2/M1 Gamma-Ray Multipole
Mixing Ratios in Odd-ivlass Spherical Nuclei

I. INTRODUCTION

In the attempt to gain comprehensive understanding of the struc-
ture of the nuclei, the electromagnetic interaction was destined to
play a fundamental role. Our relatively vast knowledge of the inter-
action of the electromagnetic field with matter, coupled with the
fact that this interaction is relatively small compared to the nuclear
interaction, allowed for the use of the electromagnetic field to paint
an accurate picture of the nuclei without disturbing it too much.

Encouraged by the atomic spectroscopy success, scientists from
all over the world converged to give birth to the nuclear spectro-
scopy techniques and in the process high resolution radiation de-
tectors were built and fast electronics were installed to allow for
accurate measurements. It is within this discipline that the dir-
ectional angular correlation experiments and the subsequent theo-
retical work matured and were used to further our knowledge of the
nuclei.

In this work, directional angular correlation measurements were
used to determine the mixing ratios of the different electromagnetic
transition multipoles, specifically the ratio between the E2 matrix

element and the Ml matrix element. The selection of specific iso-
topes for this work was influenced by two factors: 1) the lack of
information concerning the electromagnetic properties of those
isotopes or at best the existence of some conflicting results; 2)

the possibility of testing a nuclear model proposed by de-Shalit for
certain kinds of odd-A nuclei. In this model areas for investigation
were limited by the fact that it is essential to examine an odd-A
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isotope whose neighboring even A isotope could be represented well

by the vibrational mode). With all this in mind, six isotopes were

selected, three of which have an odd number of protons and the other
three having odd neutrons.

43Tc97 10,- 10554, 45. 60' 44Ru9955 and 44Ru10157 were experimented

with here while an attempt to analyze available data about 45Rh103
and 46Pd105 was undertaken also.

Lack of detailed information about these isotopes hampered the

effort of exact detailed calculation, but nevertheless, an estimation
of the order of magnitude was attempted in some cases when it seemed

likely that the de-Shalit model was applicable.
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H . ANGULAR CORIMIATION THEORY

A. Electromagnetic Transitions

The interaction Hamiltonian responsible for radiative transition

is given by
111M

Hint c A (r) a r II-1

where I is the nuclear current density and A is the vector
potential in the radiation guage.

11-2

Furthermore, and A, are both quantum mechanical field

operators. For the situation of interest here, the motion of the

nucleus is not relativistic and the wave length of the electromag-

netic field is much larger than the radius of the nucleus.
The matrix element, M, for the transition from a state consisting

of a nucleus in its initial state 1%) and zero photons to a state
consisting of one photon of frequency Uj and a final state k is

given by

M s < c", irAccr.Looto> 11-3

Because of the conservation of Hint under the parity operation

there pare certain selection rules to be observed. Under the parity

operation 3. is odd and since 6-;-VxA , the parity of it- \ is

opposite that of i3 . So the parity of Hint is the same as the parity

of B. The parity of B for E-multipole radiation is (-1)1- and for M-

multipole radiation it is (-)Lt 1. Therefore if the nucleus undergoes

a transition from state to state If> the parity of li> and If)



are connected by
ICS. "2. 1) ill

Lkk
-rt.

4

Electric-multipole radiation

Magnetic-multipole radiation

and L is the angular momentum of the radiation (multipole order).

In solving the vector Helmholz wave equation
Z

A A 0

we use the solution of the scalar one

where

72ix. t 1(1- Ul -; 0

ut tlkr) uiteite)

\it"
It is shown (1) that a complete set of solutions to the vector

Helmholz equation my be expressed as
L

(r) "C
(E) ) ULM
LM K[L(L*1).2%.

functions

II-4

11-5

7 -It are spherical Bessel
are the spherical harmonics.

(m) ,
A

LM
tri kkLIA

CL(.1--+12

.11=11

where here L is the orbital angular momentum operator.

The factor L
L is introduced here to ensure that the solution has

proper time-reversal properties.
In terms of the solutions 11-6 and 11-7 the complete solution of

the vector T-Telmholz equation for transverse fields with the wave
ex*.

vector K is

O K
< k(r) (C1 iYer)6) 10 -I Cr (K) K)A c_. L wit Lm II 8

crLtA

where a- stands for either E (electric) or M (magnetic). There is
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another solution given by

ISLK V (ALIA

which represents a longitudinal field and is of no interest here. The
(01

operator in the first term destroys a photon of energy cor-

responding to K and of appropriate angular momentum and parity. The

operator (ALIA in the second term creates such a photon.

To evaluate 11-3 we should consider the following types of opera-

tors
.1

0
4

rfe)
LM

The transition amplitude from a state of angular momentumN.;"A

to a state T, 4%1/4ts is obtained from matrix elements of the form

ct"-0-+IiS-1361-1-3&")Yu!lelotr11-9

f

ci:40X te3 LYAOr 1 0
CK[LL")31

MO.
Oar

< "CIAO °LCA\ 3--v4".`
II-11

where the angular momentum LM of the radiation field must be chosen

so as to satisfy the vector coupling relation

tA wt
and Q of the radiation (electric or magnetic) is chosen to connect
the parities of the initial and the final states.

The total transition probability T for the electromagnetic transi-

tion is given by

1.11,1-;
Z.

t II-12
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The Bohr-Mottelson multipolr, operators (2)(11 are related to the

O's by the following:
L*I L

(ri) K L i___-1.-IT ,,,..r
0 =

t 11-13

IA ez L +In ! I. ' " L..m
...

1E) L. L r L,4-111- (e
0,1, = v L 3 clA 11-14

LMet I-4 0! I.

We have

I")

11-15

_ea m (Too 1.1)1 11-16

where ISCa Li 3:0 are known as the reduced transition proba-

bilities.
If we define

VisN1/40

S v4k.

then for (ci. 1) to be non-vanishing the angular momentum

should be conserved as previously stated.

From the Wigner-Eckert theorem

(IiMfIrr(Mlitit%(-1) (IF I \
P1 v4; Pf114111.0

where /
M

is Wigner S"1 symbol and OfIlrncrOktilk
is the reduced matrix element.

Because of the angular momentum and parity selection rules it is
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possible to observe two kinds of E(L+ and ML.

For example, consider the transition between the 3/2 and 1/2 41'

nuclear states. L can have the values 1 or 2 and the parity of the

initial and final nuclear states is the same. Since the parity of the

electric multipole radiation is given by 1%1'0) then VT ,

and for the magnetic multipole radiation,11m.; we have

M -
transitions .

Thus it is possible to have a mixture of M1 and E2

B. Directional Correlation of Electromagnetic
Radiation

In the theoretical derivation of the directional correlation function

of electromagnetic radiation the following restrictions should be kept

in mind:

1) The total angular momentum and parity are assumed to have

single values and to be conserved in the electromagnetic interaction.

2) The radiations are emitted in succession.

The directional correlation function

is defined as the probability that a nucleus decaying through a cas-

cade I `1,' v emits the two radiations R1 and R2 in the

direction k1 and k2 into solid angles andand eA

Since we are dealing with an ensemble of nuclei and the direc-

tional correlation measures only the degree of orientation of this

ensemble, the methods of density matrices is used to arrive at the

theoretical results (3). In doing so we keep in mind that the level

Ii is unoriented (m-states are equally populated) and it decays to the

level I whose m-states are not equally populated relative to the quanti-

zation axis determined by k1 because of the fact that a photon must

have spin projection equal to 1 or -1 relative to this axis. The level
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I will in turn decay to the level If whose orientation is not observed;
thus radiation R2 is emitted anisotropically relative to the direction

of R1.

With all the previous considerations plus the fact that in this work
the polarization of y -rays is not measured, the angular correlation
function w( 9) k ) will be reduced to the following

wo?4): (" 5 kilA ceosAtoy.,It 11-18

CO
Where '11(K. are attenuation coefficients, (")

%c-
Lase)

are legendre polynomials and 9 is the angle between the two
rays. For parity-conserving radiation the sum is restricted to even

values of k such that

rtcm . (3. 1, 2.1-1
rn cgc.

) t-1.) 11-19

Bk( A) are the normalized orientation coefficients which describe
the nature of the orientation given to the level I by the radiation

Ak( 4.) are the directional distribution coefficients which describe
the distribution of the radiation rt, emitted from the oriented level
I

Since the resolving time of of the coincidence circuit is much

larger than the life time' of the intermediate level, the correlation
function actually observed is

- klitr

tOtel°3)% Ua(eik) Cq. 11-20
0.

or, since only time dependent, we only have
eo

CKKto evaluate 'Kit
(E.) 01,k
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This expression is normally v-litten in its time-integrated form as

W I el 1- cy.. ?I(c-c.s 49)

where

II-21a

11-2 lb

In deriving the directional correlation function of two successive

radiations we have to consider two different cases:

Case 1: Perturbed directional correlation

Case 2: Unperturbed directional correlation

The perturbation or lack of it here concerns the intermediate state

(
%

) with a mean life 1 . If '' of the inter-
mediate state is much shorter the interaction time where

is the energy of interaction between the nucleus and the extranuclear

field then we need not consider the perturbation effect as in all short

livedlived intermediate state ( fr4 0 second) (4).

1. Perturbed Directional Correlations

The interaction of a nuclear level with an external field causes

a mixing of the angular momentum substates, which in the case of an

oriented level, causes a change in the orientation, and alters the
angular correlation involving that level (5).

There are two possible sources of this perturbation:

a. The interaction of the nuclear magnetic dipole moment M

with the magnetic field B acting at the nucleus.

b. The interaction of the nuclear electric quadrupole moment Q

with the gradient "D V of the electric field at the nucleus.

These interactions may be either of the static or time-dependent

type.
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In the static case the field causes the nucleus to process about
the symmetry axis. In the case of time-dependent fields, the field

direction at the nucleus is continually changing and so there is a

continual reordering of the substates.

In liquid sources only time-dependent interactions are considered.
2. Unperturbed Directional Correlations

In such a case we proceed as outlined in (3) and the derivation of

the directional correlation function is less involved than in the per-
turbed case. We arrive at a simple formula for this function (for which

KIO
(t9) Alcx ?(Lose)

t(tvevk 1I -22

The angular correlation coefficients Akk are normalized with A00
00

In an experimental situation where neither the source nor the de-
tectors are points, redefinition of Akk is in order.

In Equation 11-2 2 Akk should be replaced by -UC , where Akk
it KV--

is the measured correlation coefficient and Qkk are geometrical cor-
rection factors which arise from the finite source and detector sizes.

In the case of pure radiation Figure 1
/%) Tr;

k xrk
Directional Correlation of Two Pure Successive Radiations

ici(etive) II-23
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Numerical tables of F-coefficients have been computed. (6)
In the case of mixed radiation (for example, Ml* E2) Figure 2

on
t.; Tr' I Tr

1-1, Tit

irl-k
cr

Directional Correlation of Two Mixed Successive Radiations

&KK1 kU") N(L xt)

6(0, FK(LILIL1)--zsorqdLILII;
4- Sit

11-24

11-25

fkryi) Sj((k.L7141.) $rt At.0.11.(1)
I Jr

fIC-(°1 %-2. t
61

11-26

Where S is the mixing ratio, defined as the ratio of two
.

multi-

pole components It L and 't for electric or magnetic multipole

respectively, and is given by

OA 11 Ti

< xr Ltt

Where ( l 1k> refers to the reduced matrix elements (7)

1 L>
c111

11-27

Thus we have

billy) ; f)(1r1 11-28



i!ez(11) .(rt) 3 1.\\1\ 7 1-2
%% tit LtIt 3)

11-29

12

It is important to note that the mixing ratios are defined in terms

of emission matrix elements. That is, the initial state always ap-

pears on the right. The multipole operators Xi L are the 0
1.

of 11-13 and 11-14.
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III. THEORIES OF EXCITED ;- ;'PATES OF ODD-A NUCLEI

In order to provide a basis for the analysis of experimental re-

sults, a brief discussion of possibly applicable models will be
presented for the purpose of deriving those results needed for the

interpretation of measured parameters. In this work the single-
particle model and the collective vibrational model are of particular

interest. A model which is a mixture of the two, proposed by de-
Shalit (26) will be tested in a region of mass numbers in which it

has never been tested before using the mixing ratios deduced from

angular correlation experiments.

A. Single-particle Shell Model

In the single-particle shell model the nucleons in the nucleus
are assumed to move in a common (mean) potential. Most of the

nucleons are paired so that a pair of nucleons contribute zero spin

and zero magnetic moment. The paired nucleons form an inert core.

In the case of even-even nuclei, the spin and magnetic moments are

zero. In the case of odd-A nuclei the properties of the nucleus are
characterized by the unpaired nucleon and for odd-odd nuclei by the

unpaired proton and neutron.

Several models for the potential are commonly treated, the infinite

square well and the infinite harmonic oscillator for which exact so-
lutions are possible, and the Wood-Saxon potential which must be

treated numerically. In order to explain some features of nuclei, a
spin-orbit potential is necessary in addition to the central potential.
In this model the closed shells form a spherically symmetric density

distribution and produce an isotropic nuclear potential. What is ne-
glected is the polarization of the core produced by the single particle

outside the core. The quantum numbers describing the single particle
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are n,e, j and m and parity It -AA) . The wave function of this

particle can be separated into radial components and a component

involving spin variables which are coupled by spin-orbit force:

. cif (r) t9i4,v4 \
nt) yo?

The total state corresponding to a single particle outside closed
shells can be expressed by (9):

kl#06N)td viks? a ()W1)1 0> III-1

where GIL ()w) is a creation operator which creates a particle in

the orbit (ne)jm.

Such a representation is appropriate for dealing with hole states

in a closed shell since it reflects symmetry between particles and
holes. The creation of a hole state with quantum numbers nljm is

equivalent to the annihilation of a particle in the state of nlj-m which
also makes it possible to relate matrix elements between correspond-
ing particle states by means of a symmetry transformation. Thus, for

the single-particle model, the reduced transition probability as given

by II -16 takes the form

3s.1,(FL;

(10)

411"

X < 3./Vc

Z 22 111-2

for the case of E-radiation, where < 1% /zLO `it. 1...1") are

Clebsch-Gordan coefficients, and the charge e must be replaced by

ie
a neutron.

if the single particle is a proton and by if it is
A



For the case of M-radiation

).0
Lt1

fet 2.L* Lo vs 5 v.,...),

111-3

15

Where

436i% 5.5 8 for protons

-3.82 for neutrons

3k
1 for protons

0 for neutrons

For E2 and Ml transitions

t
IJ (CZ/1"tPIZ) If;TK-.11111131111)<ItlYtkl 111-4

01111.,--,L)s .(..(As-)t) < 111,)
s. e tax_ yr

X <JO-, 1 o 1) 111-5

If the wave function is considered constant over the nuclear size

t?

then

where 1.2 tk-

B. Collective Oscillation (Liquid-drop Model)

The nucleus is considered as an incompressible liquid drop with

a sharp surface and the wave function is described in terms of a radius



16

vector specifying the nuclear surkice.

If R is the radius of the nucleus if it were spherical, then the

equation of the surface is (9)

qt
where

c,Ltdt.t,A(900-1 III-6

are deformation parameters which determine the de-

parture of the nucleus from sphericity.

M takes the values -L to4L so that 2L 1 modes of deformation

exist for each L.

The L 1 term is omitted since it corresponds to a motion of the

nucleus as a whole. However, if these deformations are given iso-
spin dependence, that is, if the neutron oscillations differ from that
of the protons, it should be retained.

The L. 2 or 3 oscillations are the ones of greatest experimental
interest at present.

The surface oscillations come about as a result of the variation

of the deformation parameters O(LM .

Assuming irrational flow of the nuclear matter the total Hamil-

tonian H is E0 t I H4rhere E 0 is the energy of a spherically

symmetric nucleus andnd -L
-LT

-LLM are

(StAck,41 C t_ k,c.4 taA

aisvo "
density of nuclear matter,

C is given by (1 3).

111-7

111-8



L.-1_1(L+2.)es E.c)
tAr L 21.4-1

surface energy

coulomb energy

The fundamental frequency 'O is given by

CL

IrLM'By introducing

(XLM

17

111-9

the variable canonically conjugate to

x
wLM I LM

The quantized Hamiltonian becomes

Him I fl`..t .1 C okLA 2, L
2AL

with a spectrum

E E0 174(tILA*1-0tkviL

III -10

where NLM number of phonons in the L-M mode of oscillation.

The wave function for the lowest (ground) state corresponding to

NLM 0 is

9-6



The wave function of the one nhonon state in the LM mode of

energy relative to the ground state is

1\1"( 4)°

if.hs5 '" A 1- Mc/L

111-14

(neglecting 111-15
coulomb energy)

18

The angular momentum of a phonon in the state LM is L, its com-

ponent is M and the parity is (-1)L. As a result the spin and parity

of the ground state are 0 and of the first excited state (L f. 2)

are 2 .

The spin and parity of the second excited state can be obtained
from considering that the energy of one L I.' 3 phonon is roughly

equal to the energy of two L 2 phonons. Therefore, the spin

and parity of the second excited state are 3- or any one of the

values Oi-, 2+, 4-tobtained from combination of two angular momenta

of two units.
In collective oscillations, since all nucleons are involved the

electromagnetic properties of this model can be summarized in the

following:

a) The magnetic transitions induced by the magnetic multipole

operators are negligible and of little interest with extreme difficulty

in measuring them (14).
b) The electric transitions induced by the electric multi pole op-

erators assuming a uniform nuclear charge distribution have the

electric quadrupole transitions as the most important transitions.

The reduced matrix elements in few important cases are (15)

S(EL ; L-4.00)



and for eve n

$(6. L 22_

-t
CS t ) ti1/4

19

c) Collective motion coupled with single particle (16-2 4).

In the case of nearly spherical nuclei with very small surface
vibrational amplitudes the total ITamiltonian for weak coupling is

where

vk V1tott -k s. T. -k k-k:vk.

I
V\ Cot 2. %I. 1'420 Lc toctmlm 2. r, 111-19

,NAtdr-t1 ??1b4
M

III -18

III -20

A.1%twr -ott43 r i-04 2 III -21

If we treat -Tint as a weak perturbation, the solution of the un-
perturbed Hamiltonian corresponding to definite total angular momentum

is given by

wri TM) ttA4211/1>INIPIiVA?)
IA% ttf t III -22

where (0IkV4 is an eigenstate of \-k(btk ) 1 3*A7%) an

eigenstate of VI S. pi
The ground state is the state with no quadrupole phonons present
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(N 0) and the odd shell-model particle in the state VIM)

0 0 41 1N) k NI) III -23

The adjacent even-even nucleus has 10) , the phonon vacuum,

as a ground state.
The first excited state is the 2+ one phonon state, kkt IAA %)

is gyp`) and corresponds in the odd nucleus to the states
2.V.%

1*?.\ IM> ilk 0 I t4'0 III -24
it%

MA t
Where it is the creation operator and it is the destruction

operator and they are related to at and k in the following manner

1a AA*. (.4 )to

)(F (7
2-614 Ltv- %L_tA)

k -

III -25

111-2 6



Figure 3

Breaking of the Degeneracy in a Case of a Single Nucleon
Coupled to a Surface Vibration
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(ikIf Hint is weak enough and C1(21AK Ft--3,14is very small, then
the ground state has admixed to it all those states for which

2.%tkoz

<v4\144A4v1VAA)

the matrix elements In vmvSlit Iyvx. using oscillator radial
function, takes on the following values

AIR
v-It (tin 414 A-152-
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Ir(2 v%-k-Z-P-t kttki-teo3 ov Atit

I

Ctt lir ft) ( ft J1/41k SCA Cf< tsk 4( Vk 14..1
111-28

V41

otherwise

The electromagnetic properties of this model will depend upon our

choice of a specific model of the excitation of the nuclei in this case,

and in this work in particular, a specific model is chosen and will be

discussed in the following section.
D. The Core Excitation Model (25, 26, 27, 28, 29)

In this model (for A-odd) the odd nucleon is pictured as coupled

to a core whose properties are presumed to be very much similar if

not identical to the neighboring even-even nucleus. The ground state
of a nucleus then consists of a core in the ground state coupled to a
valence nucleon. The excited states of the nucleus can be made up
either of the core in the ground state and the valence nucleon excited

to another orbit, or with the valence nucleon unchanged but the core

excited. When the core excitation energy is considerably less than
the energy change involved in a single-particle excitation and when

the excited core state has special properties, such as collectivity
which lead to a larger matrix element for core excitation than for
single-particle excitation, in such a case it is most likely to have

an excited core.
If the spin of the excited core is j-c* and that of the valence nu-

cleon is j, then the states with spin J that lie between ij-jcl and
lc* will occur. In the absence of interaction between the core
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and the valence particle these suites will be degenerate. The pres-
ence of this interaction will lift the degeneracy giving rise to 2jc*.t.

1 levels if j > Jc* or 2 j*.1 if j4 jc*.
In the ground state Jc 0 and the total angular momentum will

be that of the single nucleon Jr; j.
In the first excited state 2 and the total angular momentum

J' lies in the range 1j-Jclif,J4e j Jc. Since Jc* is an integer, J'
at one point will be equal to j which means that both an excited state
and the ground state have the same J, this leads to the expectation

that a mixing of states may take place.
The ground state IJ> is (for mixed states)

T K

> i KVS )-S> 1- Xt 3 III -29

The excited state Iji> is

ri) At TC,..11\> AVNItC 6.1\
111-30

where A is a constant that is to be determined empirically or in prin-

ciple from particle core coupling interaction. For excited states 3-14:1

J we set A 1.

To calculate the electromagnetic properties we assume that the

reduced matrix element of the multipole operator QL can be split into

two components, one involving the core Q(C)L, and the other particle
(P)

Q L
Using 1J%) and iji) as mentioned



24

k 411- t< .3 " Qq% "S

< 3 . \ 1 k - -

x < 33\ Qt_0:
In evaluating the mixing ratio 6 between E2 and M1 in light of

this model the work is reduced to the evaluation of the following

reduced matrix elements

< Z'11EZt11> Gi4NA <1\ \\ IJA k

written as
11E211V A< Etccvs

A )-1..<1.C.11 E z11;7 j'r) - A(t At311;)1t- 32
< 4)1\\ WS,VS) )

< gtiutli> )1.

(t 1.1 it<3:VI\ti IS: ) III -33

AO g) <16 .1\0441%\71,ii)

- <lc 11\ Pm k 3c t1)
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The E2 and Ml matrix element of Equations III -32 and 111-33 can

be evaluated by making use of thp following reduction into the core

and particle contributions QL(C) and QL(P), respectively: (Equation

12.9 of de-Shalit, page 764). x
It A- 4:1

311,` Z ( it* tic3-0 j L

( 1 lc "4-k. ' Rea 4.1)(11'.1414A
111-34

3xt < Lit j> CS(31:)

(This result follows from the general properties of the reduced

matrix elements of tensor products.)

We proceed now to evaluate each of those reduced matrix elements

taking into consideration the following:

O
dm_

;

for the neighboring even-even nucleus. We will drop the core and

particle designations for the multipole operators, since it is obvious
from the states involved in the matrix element.

We start with Equation 111-3 2 .

.4"1
First term: ( VI' VkE, tkk 01S) .;"'KC.v

el 1:

Second term: < .7,-VS VI 1 4:0(79 III;
2l:

1[1-3 5

111-3 6



Third term: < p 3 1kEtk 0.1

° .1, d 21 t30 t
V 'I

3 ° < 11E.2-A
el 1- 1T

26

(The first term of 1H-37 vanishes owing to the matrix element

<011E2110> .1
1+1Fourth term: <0 IS \\E147.0.> % (') 4-Fill

"L.)
111-38

where

1 71

is the Wigner C---j symbol

The transition matrix elements <011E2112> and Z211E2110>

can be deduced (in magnitude) from the B(E2, 2 ...90) or B(E'2, 0.--->2)

in the neighboring even-even nucleus:

(e2 0 -:0 f. )<tkm-thokt
e (EL, C et 0--t.2)

Czko) < t1

III-39a

The B(E2) is in turn related to the lifetime of the 2"k state ac-
cording to (neglecting the conversion coefficient, which involves a

correction of less then 1%):

?;,(E2-11.-b 0.03
12-1X106

Where T1/2 is the half-life of the 2t

III-39b

state and (B(E2) is in units

of e2fm4 and E in Mev. (le2fm4 10-4e2b2) .

The diagonal matrix elements <2 11E2 12> and Cj 11E211
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are related to the static quadrupHo moments of the levels 2 and

j according to

Qt3) 7iCtI

[eis--0111-1*oyi. 111-40

CCC1 k 1) (/''S
\1E21CS

0. (al tzw 111-41

< 6LA e?-\\ °361- W )

<IiIIEM6)) t(1.."°)6(z341)31
641 CZ sitt,)

*/)(2.) CN)
In the shell model

111-42

111-43

and for < jlr2lj) we use

< ')% yli)
5 111-44

where l.2 i0

A similar procedure using III -33 yields the M1 matrix element

(.1%1VI 1113), for which we have to evaluate the following:



First < 4)1\" k% VII 11661>

"1
<V44 trn

"T O k

28

5

(The matrix element <2(11\Alt(O> vanishes because of angular

momentum coupling rules, and thus this term does not contribute.

Second term: (1 41.\\"4" "VII) (7)i#Ire.

It sZt (zkI'm ") kE-1) 1." -1
45-71% 111-46

q) 1\/i<OkrA"3)
i10Third term: < t ) °S k MI II 0 44) 1> )

1N-t }1 110 I .1
I 1 0 1

m;
ci %) 1' 0 2 k M< <t

3 ) \

III -47

(The first term of 111-48 vanishes, again because of angular mo-

mentum coupling rules.)

Fourth term: -1% tAtViii)
III -48

(This term vanishes as does 111-45.)

We need here to evaluate <AMA> and <jUMItt , which



are related to the static magneti, dipole moments.

-ccmm01)
(7.1.9esk)

so

and

<1-wvAM> k.'vklukt-L*)

<$014\mel--
411

29

1H-49

III -50

Pk(i)
III -51

From III -32, using III -35 to 111-44, the E2 matrix element

<J1 iiE2 W> can be obtained, and for III -33, using 111-45 to III -51,
the M1 matrix element (JAIM1 IV) can be obtained. The E2 and
M1 operators thus evaluated are those of Equation 11-16, whereas the

is defined in terms of the operators (DLIT ) of II -13 and 11-1 4.

The relationship is given by

<1\1

0. c616 SleCtle0) A

<3\ E zit 1) Dik

< 1\V

III -52
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IV. EQUIPMENT

A. Description of Apparatus

In the field of experimental physics a good experiment would be

one in which a maximum amount of data were accumulated in a mini-

mum period of time, free of any interfering effects, and with as little

intervention as possible required of the experimenter. However, the

achievement of such a goal is restricted by financial resources, time
limitations and the nature of the phenomena under study.

The equipment used in this experiment was designed in most part

by Purdue group and was brought here by Dr. Krane. Numerous

modifications were introduced here because of financial and time

limitation.

A photograph of the directional correlation table and associated

electronics is shown in Figure 4 and a schematic block diagram of

the electronic instrumentation is shown in Figure 5. Each part of the

system will be discussed separately.
B. Detectors and Preamplifiers

The detector labelled Dl in Figure 5 is NaI(T() which is the most

useful scintillator for photons. NaI scintillators are made from single

crystals. A pure NaI crystal is not a useful scintillator at room tem-
perature, so small quantities of thalium are added in the crystal lattice.
An incident particle or photon interacts primarily with high z iodine

atoms, but the energy must be transferred to the thalium atoms which

actually are the scintillators. The detector has more to it than the

crystal. There are a light pipe, a photo multiplier (PM) and a photo-

multiplier base. The function of the light pipe is to ensure the
collection of all the emitted light and to spread it over the photosensi-

tive surface of the PM tube.
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Figure 4

Directional Correlation Table and Electronic Equipment
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The PM tube is an evacuated glass tube which contains several
elements. The photosensitive material is applied to the inner sur-
face of the glass front face. When light strikes this photosensitive
surface (called the photocathode), electrons are released into the

tube. The first dynode has a positive potential of several hundred

volts with respect to the photocathode. Each successive dynode is
at a still higher positive potential. Thus, the photoelectrons are

attracted to the first dynode. The dynode surface has a very low work

function. When the accelerated photoelectrons strike the dynode,
secondary electrons are released from the surface. These secondary
electrons are attracted to the next dynode, and the electron multi-

plication process continues. Finally, the anode or collector is at the
highest positive potential. The charge collected is the output signal

of the PM tube.

The present experiment used a 3" x 3" NaI detector (manufactured

by Harshaw) integrally mounted on a type 75V01 photomultiplier tube

with an ORTEC 276 Preamp. The gain available in these tubes is very

large. The PM base (ORTEC 276) is designed to provide the voltage

distribution for essentially all 10-stage PM tubes. This unit has a

self-contained low-noise integrating preamplifier that provides gain

and line drive capability for the output signal from the last dynode.

The anode signal is capacitively coupled through an output BNC con-

nector for use in coincidence timing or linear pulse height analysis.

The maximum high voltage is 1200 volt.

Magnetic shielding of this detector and PM is essential and it
was done using Mu-metal. In addition, the crystal part of this de-
tector was fitted with a lead jacket to prevent scattered i -rays from
the other detector from registering in the NaI(Tf) detector.
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The detector labelled D2 in Figure 5 is lithium-drifted germanium

semiconductor junction, referred to as a Ge(Li) detector, manufac-

tured by Nuclear Diodes (30). Such devices are very important tools

for investigations of nuclear structure. The most significant advan-

tage of this class of detectors is its superior energy resolution enabling
the investigation of complicated decay schemes with greater accuracy.

This unique advantage is a result of the small amount of energy, about

3 electron-volts, required to produce a counting pulse in a Ge(Li)
detector, compared to that necessary in a scintillator such as NaI(Tl)

which requires several hundred electron-volts. For a given amount of

energy lost in the detector, the Ge(Li) detector produces far more

events and therefore produces greater statistical accuracy for each

detected particle.
The primary disadvantage in using Ge(Li) detectors is that the low

atomic number of germanium gives a small probability for the radiation

to interact with the detector. A typical Ge(Li) detector may be less
efficient than a NaI(Tt scintillator by one or two orders of magnitude.

We use both kinds in this experiment, taking advantage of the large

efficiency of the NaI and also the superior energy resolution of the

Ge(Li).

Optimum performance of Ge(Li) detectors is obtained only at low

temperature; in practice this is achieved by placing the detector in

thermal contact with a reservoir of liquid nitrogen. In order to opti-

mize the performance, the detector is purchased as a unit containing

the detector crystal mounted in an evacuated cryostat, liquid nitrogen

dewar and preamplifier.
Normally this detector requires high voltage on the order of 1800

volts. For the present work; biasing is achieved by means of a well
regulated Canberra H.V. Power Supply Model 3002 whose voltage can
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be set from zero up to its maximilm reading.

C. Pulse 'Height Analysis

In the pulse height analysis two essential tasks are accomplished:
the amplification and shaping of the preamplifier output pulses to fa-

cilitate their analyses, and the selection of the desired amplitude
pulse representing a given energy loss in the detector.

The selection of the amplifiers used with the two detectors is very

important, In addition to the required linearity of the amplifiers (i.e.,
independent of the amplitude of the input pulse), the stability with

respect to a moderate change in temperature and over long periods of

time, and the minimum introduction of noise, the amplifier must not

adversely affect the resolutions of the detector. In particular, it is

desirable that the resolution be undegraded at high counting rates and

that the pulse shaping cause only minimal distortion of the energy

spectrum.

This is found in the ORTEC Model 440 Selectable Active Filter

Amplifier which is connected to the Ge(Li) and it is also found in the

ORTEC Model 471 Spectroscopy Amplifier which is connected to the

NaI(T1). These amplifiers employ pole-zero cancellation to reduce

effects due to higher counting rates; essentially, pole-zero cancel-
lation eliminates undershoot caused by differentiating the preamplifier

output pulse, and thus avoids the problem of pulses piling up on the

undershoot, a condition which is more probable at higher counting

rates. Pulse shaping is done through an active filter circuit, which
attempts to simulate a Gaussian pulse shape. Such pulse shapes
optimize the signal-to-noise ratio and enhance the performance of the

detector-amplifier combination.
Selection of the exact energy range is accomplished with a single-
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channel analyzer (SCA); the latter- intorduces little distortion into

the pulse shape and does not introduce any degradation into the

energy resolution.

The circuit used in this work is the Purdue Nuclear Structure

Laboratory (PNSL) twin SCA in conjunction with a single-channel

analyzer ORTEC Model 406A.

D. Timing and Coincidence Circuitry

In the process of producing well-shaped amplifier pulses for

energy analysis the time resolution between the pulses may be greatly

distorted. Normally, the widths of the amplifier pulses are of the

order of one microsecond, while it is desired to measure events which
may have occurred only one picosecond apart. Such a measurement

clearly requires that the timing and the energy be separately and in-

dependently analyzed.

The process of timing and coincidence analysis includes three

steps: the selection of a timing pulse which accurately represents
the actual timing event in the detector, the verification of the simul-
taneity of timing pulses from the two detectors and the selection of

those timing pulses which occur in coincidence with the results of

the energy analysis.
The ORTEC Model 420 Timing Single Channel Analyzer performs

two functions. First, it is a single channel analyzer with both the
lower level and the window width variable over the pulse height

range. Second, for input signals which are doubly differential it
generates an putput at the time these signals go through zero. This

time is a precisely known time, therefore the output time from ORTEC

420 is a precise time. This unit provides two outputs; a fast negative

timing signal and a slow positive logic signal. The ORTEC is connected

to NaI(TI).
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The Canberra Model 1426 Extidpolated Zero Strobe is designed

specifically for high resolution time spectroscopy applications with

Ge(Li) detectors. It compensates for time-walk due to amplitude and

rise time variations of the detector signal. Amplitude compensation
is effective over assigned dynamic range of 250:1. Two timing sig-

nals are furnished; a fast negative logic and a slow positive logic
signal. These simultaneous signals are delayed a nominal 150 nano-

seconds (internally variable) relative to the extrapolated zero starting

point of the input signal. This delay allows time to pulse height con-

verter operation without additional delay cables, provided the start

input is obtained from a fast photomultiplier/scintillator combination.
The selection of only those timing pulses which occur simul-

taneously (or rather within a certain resolving time) in the two de-

tectors is performed in the so-called "fast" coincidence circuit. In

this work, this was achieved by means of an ORTEC Model 437 Time-

to-Amplitude Converter (TAC), which provides an output signal whose

amplitude is directly proportional to the time difference between the

two input signals.
A generalized spectrum of the TAC output is shown in Figure 6,

and an actual experimental time spectrum is given in Figure 7. The

single peak corresponds to those events which are in "true" coin-
cidence, that is, coincidence events which come from the same

nucleus. The flat background is a result of the accidental, or "chance"

coincidences, events which do not come from the same nucleus, but

which happen to occur within the range of time of the TAC. Thus, the

TAC provides a means of simultaneously measuring both "true" and

"chance" coincidences . The Twin SCA provides a convenient means

of performing this. If the windows of the Twin SCA are placed open

to the regions A and B of the TAC spectrum of Figure 6, then window A
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will record the "true" coincident e events in the peak plus the random

"chance" events under the peak, represented by T C. Window B

will accept only "chance" events, represented by C'. If the back-

ground is truly flat, and if regions A and B are of equal widths, then

C' C, and the "true" coincidence counting rate is just the difference
between the counting rates measured at A and B. In experimental

situations, it was determined that this background was flat to within

one percent, and thus the above discussion is valid.
In order to obtain an actual coincidence event, it is necessary to

apply the results of the timing coincidence analysis to the results of

the energy analysis. This was accomplished by the so-called "slow"

coincidence circuit, in which it is required that a triple coincidence
occur between the energy analysis events from each of the two de-

tectors and one of the timing events from the TAC. For this purpose,

the PNSL Quadrupole Coincidence Module was employed. This

is a coincidence circuit having four inputs and two outputs, with var-

iable widths and delays in each input channel. The resolving time of
each coincidence circuit is variable, depending on the pulse widths
from the appropriate input circuit, and the particular coincidence con-

figuration desired is achieved using plug-in diodes.
In the actual configuration employed, input A was the energy

analysis result from the detector I; input B, the corresponding result
from detector 2; input C, the output of the TAC SCA representing T C;

input D, the TAC SCA output for C'. Coincidences of the form ABC and

ABD were then required, with ABC corresponding to events of the type

"true plus chance" and ABD corresponding to "chance" events. The

accumulation of these coincidences was the final goal of the measure-

ment.
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E. The Angular Correlation Apparatus

The directional correlation experiment consists of measuring the

coincidence counting rate at a number of different angles. This has

been achieved by moving the moveable detector to different positions

after allowing for this detector to stay in each position for a reasonable
amount of time depending mainly on the source strength.

The supervision of the accumulating of data and the positioning of

the moveable detector was the responsibility of the experimenter and

was done manually.

The accumulation of data (the counting) was performed by the scalers.

The scalers were PNSL circuits, occupying the lower half of relay rack
of Figure 4 and symbolically represented by S1 and S16 in Figure 4.

Each scaler consisted of an input card which accepted and shaped the

pulses to be counted, and a number of count cards, each correspond-
ing to one decade, with the number of counts recorded in a 1-2-4-8

binary-coded decimal scheme. These cards could be arranged in the

count files in any desired configuration and could be removed or inter-
changed with ease. A total of 17 scalers were used in this work, 16
for recording the singles and coincidence counting rates and one for

recording the elapsed time of each run. Some of those cards could be
made to pre-scale the counting rate by one, two, or three powers of
ten, thus reducing the data to be stored and preventing the overflow of
the count files, especially when the source is strong.

The angular correlation table itself is shown in Figure 4. Each po-

sition switch was mounted to a stand which could be clamped to the

34-inch diameter aluminum table at the desired location. The angular

positions on the table itself were marked every five degrees, with zero

degree defined as the location of the fixed detector; a vernier scale on
the moveable detector arm allowed placement of the position switch at
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any angular position. The movedble detector was fixed to an arm

which rode on two one-inch bearings.

The entire assembly was supported on a steel cart three feet wide

by four feet long, constructed of two-inch angle iron. The height,

including casters and levelling jacks, was constructed to be 30 inches.
The correlation table was mounted directly to the cart, and all other
equipment, including the detectors and source was mounted directly

to the correlation table.
F. Multichannel Analyzer

The multichannel analyzer (MCA) is an essential tool for nuclear

spectroscopy. It was used here to identify transitions in radiation
spectra and to set discrimination levels and single-channel analyzer
windows by operating in a gated mode.

The MCA used in these experiments was a 512-channel Nuclear

Data analyzer connected to Type RM 503 oscilloscope to display the

data.
To identify transitions the amplifier output was fed directly into the

MCA which had been calibrated earlier by using the spectrum of such

standard sources as Co6° and Na22.
To operate the MCA as an aid in setting SCA windows, it was nec-

essary to gate the MCA using the output of the appropriate SCA. This

was accomplished by using ORTEC Model 426 Linear Gate. For ease in

setting the SCA windows, the outputs of seven SCA's used for energy

analysis were combined to make them switch-selectable as inputs to

the linear gate. In case of using a Delay Amplifier (as we did half-way

through the experiment), to delay the amplifier output in order to have it

occur at the same point in time as the gate pulse, a switch-selectable
for the output of the two amplifiers was installed. Even when a delay
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amplifier was not used the two p'sition switch still operated to con-
nect with one amplifier or the other.
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V. PRO= )URE

A. Source Preparation

The radioactive sources used in these measurements were

prepared by nuclear reactions of stable isotopes. They are
divided into two groups.

The first group was produced using the nuclear reactor of Oregon

State University. The target used was natural Ru in the form of metal

powder which contained 44Ru 96
441`D u

102 and 44
R

u
104 The states

of 43Tc97 are populated in the decay of the 2.9-days 44Ru97 by
electron capture. The states of 45Rh105 are populated in the
decay of the 4.4-hours 44Ru105 by beta decay.

In the first try 20 mgs Ru metal powder were kept for three hours

in the reactor with flux of 1012 neutrons/cm2/sec. The expected
activity was estimated to be 0.1 mCi for Ru1°5, 3 p.Ci for Ru97

and 3 µCi for Rul". The second try was identical to the first.
In the third try the mass of the metal powder was three times as
high and it was kept in the reactor for eight hours with maximum
flux.

In order to keep the true-to-accidental ratio (31) as large as
possible and also not to overload the counters, the full amount
of the activity was not used initially. For the Ru1°5 measure-

ments, approximately 1/4 of the activity was used initially. The

sample strength was increased every few hours to compensate for
the 4.4-hour half life. For the Ru97, most of the data were ob-
tained using the third sample; again about 1/4 of the sample
was used initially, and the 3-day decay was compensated by
increasing the strength of the sample every few days.
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The second group was produced by using bombardments at the

Nuclear Physics Laboratory Cyclotron of the University of Wash-

ington in Seattle. The target used was natural Ru. The states

of 44Ru1°1 are populated in the decay of the 4.3-days 45Rh1°1

by electron capture and in the decay of the 3.2-years 45Rh1°1

by electron capture also. The states of 44Ru9955 are populated

in the decay of the 16-days 45Rh9954 by electron capture and

beta decay. In this case, 100 mgs of Ru metal powder
was bombarded with 20 Mev deutrons for two hours. The ex-

pected products of this irradiation would be of the order of 0.5

mCi of Rh101 and 0.1 mCi of Rh 99.

The preparation of the actual samples used followed a pro-

cedure similar to that above for the reactor-produced samples.

About 1/4 of the sample was used for the 4-day Rh101 measure-

ment, and when that actually had died out, the full sample was

used for the Rh99 measurement.

The actual sources used for all experiments we obtained by

placing the powder in a small thin-walled cylindrical glass tube
(10-2 inches thick) placed on the sample carrier mounted on the

angular correlation table. The amount of activity was adjusted

as described above.
The sources were mounted on an adjustable platform which

is adjusted by screws in the plane of the correlation table along

two perpendicular axes called the 90
0 direction and in 180

0

direction. This arrangement was used to center the source rel-

ative to the arc traversed by the moveable detector. The

criterion for source centering was set at a maximum one percent

deviation in the singles counting rates of the moveable detector
0 0

at 90 , 1800 , and 270 . Vertical centering was accomplished
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by varying the height at which the tube was held in the support

platform, so that the geometrical center of the source-powder

was the same height as the cylinder axis of the detectors.

To center the source relative to the fixed detector a Na22

source was used. The two 0.511 Mev photons produced by

positron annihilation are emitted in opposite directions and thus

a coincidence experiment between the two photons using a point

source and point detectors would yield a delta-function distri-
bution peaked at 180 . However, the finite angular resolution

of real detectors causes the distribution to spread with the center
0

of the distribution remaining at 180 .

The Na22 source was centered relative to the moveable de-

tector, using the singles counting rates as described above. A
coincidence experiment was performed between the two 0.511

Mev photons, and the coincidence counting rates were measured

at two symmetric positions on either side of 180 , normally 165
0

and 195 . The fixed detector was then moved laterally until

these coincidence counting rates were equal to within normal
statistical counting errors. In this situation the position es-
tablished as the center of rotation for the moveable detector will

also lie directly on the axis of the fixed detector.

The evaluation of the geometrical correction factors are dis-
cussed in Appendix A.

B. Measurements

In an angular correlation measurement a single gamma ray was

taken in coincidence with another single gamma ray. The angular

correlation was obtained from the measured coincidence counting

rates at a sequence of positrons of the moveable detector.

The block diagram of Figure 5 represents the apparatus employed
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for the angular correlation measurement. The use of four SCA's

on the Ge(Li) detector and three SCA's on the NaI(Tt) detector

was a design to obtain as much data as possible in a given amount

of time.

For this type of arrangement it was possible to select three

cascades for investigation. In the case of the four isotopes under

investigation, two cascades were selected and in some cases only
one cascade, but at the same time reversing the order whenever it

was possible.
Reversing the order here meant accepting , and it , in

D1 and D2 respectively and at the same time accepting yi in
D2 and in D1 using all the windows.

The appropriate SCA windows, and the timing for the coinci-

dence circuit were set.
The SCA windows accepting the TAC output were set with the

widths of the two windows adjusted until they were equal in terms

of the number of channels included in each window when the TAC

output was gated by the necessary SCA window and displayed on

the MCA.

The energy windows were designed to be kept as narrow as

possible, to reduce the effect of photons not associated with the
gamma ray under investigation, yet just wide enough to include

all of the gamma peak. The widths employed for the TAC SCA were

set just wide enough to accept the full TAC peak at its base.
0

The measurements were made at four angle orientations: 90 ,

0
120 , 150b and 180 . The moveable detector was moved by

hand from position to another. The time spent in each position
depended upon the coincidence counting rates and in some times

it was four minutes in each position while in others it was 40
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minutes. At the end of each period the counting stopped and the

experimenter recorded the scalers, moved the detector to the next

position, and reset the scalers which started a new period of
counting.

The total length of the experiment was determined by the time

needed to accumulate a sufficient number of counts to achieve the

desired statistical accuracy, the statistical uncertainty of such
measurements being inversely proportional to the square root of

the number of counts. The duration of measurement ranged from

days to two weeks; this was sufficient to achieve one percent
statistical accuracy.

The quality of the electronic equipment was sufficient to guar-

antee stability over these periods of time, though the fluctuation
in the main power supply voltage forced a close watch and con-

tinuous adjustments of SCA windows of the NaI(T() detector. In

some times there were continuous fluctuations in the main current
which kept the windows shifting rapidly and caused a lot of data

to be thrown away. At the average, before each run, the windows
were adjusted.

Aluminum sheets on the windows, early cold weather and a

fan in the room helped to keep the temperature almost constant,
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VI. DATA ANALYSIS

Two kinds of data were analyzed in this work. First, the raw

data accumulated through the experiments concerning the four

isotopes under investigation, and second the finished, published

data in the literature concerning the other two isotopes.
In the first case, once the raw data had been obtained, ana-

lyzing the raw data to determine the angular correlation coefficients

Akk (and therefore the mixing ratio S ) was reduced to three steps:

1) the condensation of the raw data to the counting rate at each

angle; 2) the extraction of the coefficients Akk' from the counting

rates; and 3) the determination of the geometric correction fac-

tors Qkk and the perturbation factors Gkk (if there is any) to ex-

tract the true coefficients Akk.
The analysis was facilitated by using computer programs of

Dr. K. Krane. The recorded data was converted to punched com-

puter cards prior to analysis.
The essential task of the condensation of the data was to

convert all the raw data, amounting to perhaps ten individual runs

at the various angles, to one net counting rate per angle. Before

reduction, several operations were performed on the data. First,

the data were compensated for the radioactive decay of the source

during the course of the measurement. This could be done using
a half-life fed into the analysis program, or by using the ratio of

the single counts which reflect the decaying strength of the source.
After compensating the singles and true coincidence counting

rates for source decay the individual runs were examined to elimi-

nate those with unusually large deviations from the average. The
data testing criteria for the singles data were set to be a maximum
of one percent root-mean-square deviation from average; in the
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case of coincidence data, wheri, deviations from average were much

larger because of the smaller number of counts, a chi-square test
was used to determine whether the data showed the proper distri-
bution about the mean value. If the singles or coincidence data
testing criteria are not satisfied, the data for that particular subset
of that run are rejected; each of the four subsets is tested sepa-
rately.

In order to prevent the introduction of systematic errors by

rejecting large quantities of data, it was decided to set an upper
limit on the number of runs which could be rejected at any given

angle as one-fourth of the total number at that angle. In practice,
most experiments rejected no runs, but occasionally a bad data

point caused one or two runs to be rejected; the rejection of large

numbers of runs generally indicated a malfunction of the equipment,

in which case all data were considered to be of dubious value and
were rejected.

Having passed the statistical tests, the coincidence data were
then normalized using the two singles counting rates; this process
eliminated variations in the data due to such effects as fluctua-
tions in the electronics or imprecision in centering the source.

However, normalizing by both singles counting rates would intro-

duce an extra decay factor into the data, since each singles rate
decays exponentially. Thus, in the process of normalization, it
was necessary to recompensate the coincidence data by the proper
half-life.

Following normalization, the weighted average of the individual

runs at each angle was computed, and the probable error of that

average was computed by assuming that the individual counting

rates were governed by Poisson statistics, and thus that the prob-
able error of a given measured value was just the square root of the



51

number of counts accumulated.

This weighted average and its probable error constituted the end

product of the data reduction process. The final figure for the prob-

able error in the counting rates reflects only the statistical uncer-
tainty of the data .

The mechanics of the data reduction were written into the computer

analysis program such that it was necessary only to specify a set of

parameters which selected the method used to obtain the half-life,
the type of normalization and decay compensation to be used, the

type of statistical analysis to be used on the data and the criteria
for accepting such analysis, as well as various other options making
the program adaptable to a wide variety of experimental situations.

Once the counting rates and probable errors had been determined,

it was necessary to fit the measured counting rates to a relationship
of the form of Equation 11-22 to obtain the angular correlation coef-

ficients Akk . This was performed using both linear and non-linear

least-square fitting procedures. The linear least-square fitting
method consisted of a direct fit to Equation 11-48 using the inverse

squares of the probable errors as the statistical weights of the fit;
well-defined values of the angular correlation coefficients and the

probable errors in those coefficients resulted directly from the
analysis.

The non-linear fitting procedure was considerably more compli-

cated. The analysis was non-linear in the sense that any deviations
from accurate centering of the source and detectors were represented

in Equation 11-22 by replacing © by where the angle

represented a net shift of the correlation pattern from symmetry about
0

180 .

The actual measured values of the shift 0( were generally less
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than a few degrees, and had in (TPneral negligible effects on the

correlation function.

At the conclusion of the fitting routine, the computer performed

a point plot of the points of the measured and calculated correlation

functions.

Once the correlation coefficients had been determined, they

were corrected for effects due to detector angular resolution; the

coefficients were then analyzed according to Equation II-21b to

extract the appropriate coefficient relevant to each gamma transi-

tion under consideration. It was assumed that no external pertur-

bations were present and thus that Gkk-:. I. The necessary mixing

ratios could then be obtained from the expressions for the appropriate

coefficients.
The fact that the equations for the various coefficients are quad-

ratic in the mixing ratio led to two different values for this

parameter; in those cases this ambiguity was resolved by obtaining

from independent measurements in the literature the necessary

information for the analysis of the data .

After deducing the mixing ratio for each transition in the
four isotopes the data analysis for the six isotopes will be the same.

From energy, half-life and angular momentum consideration

certain excited states could be thought of as possible core-excited
states. Knowing the mixing ratios for transitions from those states,

it is possible to determine if those states could be the core-excited
states, and in this case a detailed calculation to determine the
theoretical mixing ratio using de-Shalit's formulation is in order.



VII. DECAY SCHEMES

A. The Odd. Proton Isotopes

1- 45Rh105 (35)

53

The decay of 44Ru105 leading to states in 45Rh105 is shown in

Figure 8. In the same figure the ground state and the first excited

state of the neighboring 46Pd104 and 46Pd1°6 are shown. All the
available information concerning the energies, half-lives, g-factors,
spins, parity, quadruple moments and the transitions under investi-

gation are shown in the figure also.
The angular correlation coefficients of the cascades 317 Kev-

469 Key and 875 Key-469 Key have been measured before with

conflicting results as shown in the following table:

Table 1

Previously measured angular correlation coefficients for the cascades

317 Kev-469 Key and 875 Key-469 Key in Rh1°5

Energy in Key. A22 A44 Ref.

317-469

875-469

+0.08110.008

-0.01210.10

+0.03510.005

-0.17110.012

0.00310.008

-0.01710.004

*0.014-+0.011

(36)

(37)

(38)

(36)
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2- 43 Tc97 (39)

The decay of 44Ru97 leading to states in 43Tc97 is shown in

Figure 9. In the same figure the ground state and the first excited
state of the neighboring 44Ru98 and 42Mo96 are included. As in

the first isotope all the available information is included. The
angular correlation coefficients of the cascade 569 Kev-216 Key

were reported tentatively (40) and an official publication never

materialized. The reported values are as follow:

A22 (569-216) = +0.1410.07

The mixing ratios 6 (216) and 6(569) were measured in Los

Alomos (41):

(216) + 0.2710.02

or *6.210.6
is(569) = t 0.1210.05

or > + 16

From internal conversion data (216) was found to be (39):

6(216) = 0.374.06

3- 45Rh103 (42)

The decay of 44Rhl°3 leading to states in 45Rh103 is shown in

Figure 10. In the same figure the ground state and the first excited

state in the neighboring 46Pd1°4 and 44Ru1°2 are included. As in
the first isotope all the available information is included in addi-

tion to the B(E2) values for transitions produced by coulomb exci-

tation.
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Decay Scheme of 45Rh10358
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Table 2

Adapted multipolarity for certain transitions
in Rh103 from internal conversion data

E (Key) Adapted Multipolarity Ref

295 <to.63 (42)

443 -110.43 (42)

497 1= +0.08-7 2 (43)

From coulomb excitation data (42) it was found that for E

295 Key:

A2: -0.36710.009

= t0.15±0.01 or -1.2510.04

Since 44Ru97, 44Ru 103 and Ru 105 were together in the same source,

Figure 11 is a sample energy spectrum of the decay of 43Tc97, 45Rh103

and 45Rh105.

B. The Odd Neutrons Isotopes

, 1011- 44" (44)

The decay of 45Rh101 leading to states in 44Ru101 is shown in

Figure 12. In the same figure the ground state and the first excited

state of the neighboring 44Ru102 and 44Ru1°0 are shown. All the

available information is included similar to previous isotopes. Angu-
lar correlation results were reported and tabulated in the following

table:
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Decay Scheme of 44Ru10157
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Table

Previously measured angular correlation coefficients for 198
Key-127 Key and 295 Kev-127 Key cascades in Ru 101

E (Key) A22 A44 Ref.

198-127

295-127

+ 0.13510.010

+0.18510.025

+0.18110.025

+0.19510.008

-0.2510.13

0.00

0.00

+0.020-0.034

+0.008-0.012

0.60

(45)

(46)

(46)

(47)

(45)

2- 44 Ru99 (48)

The decay of 45Rh99 leading to states in 44Ru99 is shown in

Figure 13. In the same figure information similar to that of the pre-

vious isotopes is provided.

Since in the same radioactive source under investigation, Ru99

and Ru 101 exist together, the Figure 14 is a sample energy spectrum

of the decay of Ru99 and Ru1°1. Figure 15 is also a portion of the

same energy spectrum after changing the scale of MCA to display

only those transitions of experimental interest in the cascade 353

Key-89 Key and 527 Kev-89 Key.

For those cascade results of angular correlation were reported as

included in the following table:
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Figure 14

Gamma-Ray Spectrum from Decay of Ru99, Ru1°1
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Table 1

Previously reported angular correlation coefficients
for 353 Kev-89 Key and 527 Key-89 Key cascades in Ru99

E (Key) A22 Ref.

353-89

527-89

-0.13110.012

-0.22110.020

(49)

(49)

46DA105 (50)

The decay of 47Ag1°5 leading to states in 46pci 105 is shown

in Figure 16. It was done in the same manner as the previous
isotopes. The mixing ratios of some transitons were measured
in Los Alamos (41) and these are some of the results:

iS (306): +0.05510.002

or -6.3-0.1

(319)= +0.09110.013

or f1.3510.03

(280). +0.071.0.07
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and from angular correlation experiments the following results:

Table 5

Previously reported angular correlation coefficients for the
cascades 331 Kev-319 Key and 64 Key-280 Key in Pd1°5

E (Key) A22 A44 Ref.

331-319

64-280

-0.11
649

.010

k 0.1290.005

4 0.01-0 .02
'I'

*0.0024.-0.008

(51)

(51)



VIII. RE; til,TS

1- 45Rhl°5

68

In this isotope two cascades were investigated, 317 Kev-469 Key

and 875 Kev-469 Key. Two weeks of data collection were necessary

to improve the statistics. When the data was analyzed it appeared
that A44 contributions were extremely small and consequently were

ignored. The geometrical correction factors were computed from the

tables and finally the angular correlation coefficients A22 were eval-

uated.

In Table 6 are shown typical counting rates for the cascades

measured in Rh 105. The data shown are only representative of one

group of runs among 10 individual runs. Each run lasted for several

hours (about one half-life) and included data at 90 , 120 , 150

and 180 . The data from each run was fit to the angular correla-

tion function. Each A22' as derived was corrected for the detector

angular resolution (Appendix A) and the resulting A22 values were

averaged. A typical fit is shown in Figure 17. The normalized X2

values of the individual fits ranged between 0.5 and 2.0. The
average of all data was computed to be:

317-469 A22'z 0.095410.013

Q22= 0.867

A22= 0.1110.015

875-469 A22'=- 0.17610.025

Q22= 0.878

A22' -0.2000.029
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Typical Angular Correlation Results for 875-469 in Ru 105



7]

TE+l le 6

Sample of angular correlation results of Rh105*

NaI detector Ge(Li) detector True coincidence Chance coincidence

E Singles
rate (sec-1)

E Singles rate
(sec-1)

(min-1) (min-1)

317 1 x 104 469 lx 103 40±1 2011

469 1 x 104 317 2x103 4011 2011

875 1 x 103 469 1 x 103 7±0.5 3t0.3
469 1 x 104 874 1 x102 14'10.7 410.3

To evaluate the mixing ratios A22 (317-469) was written as B2

(317) A2 (469). But B2 (317)=7. F2 (11 3/2 5/2)3. *0.374 (assuming

a pure El transition), (50) and thus
A2 (469): *0.110±0.15z +0.294±0.040

+0.374
and solving 11-26 for 6 , it was found that

b (469): +0.12±0.03
or

(469) G -20

In the same manner

B2 (875)= -0.200'10.029= -0.68t0.13
0.29410.40

and assuming J(1345 Key= 3/2+ ) (35), Equation 11-26 yields:

* The rates shown are typical average values during the lifetime of the
various Rh105 sources. Actual values varied considerably (factors of
3).



S(875)= -(0.67 0.21)
-0.13 or

b(875):: -(3.2 -I- 1.5)
-1.0

From internal conversion coefficients considerations (35) the

smaller value of 6 is favored for both the 469 Kev-875 Key

transitions, and thus

8(875): 0.67 + 0.21
-0.13

(464): +0.1210.03

2- 43Tc97

72

In this isotope it was possible only to investigate one cascade,

569 Kev-216 Key. Three weeks of data collection were necessary.

Due to the low coincidence rates, only three angles (90 , 135

and 180 ) were used, and thus a least square fit could not be done

(since three parameters, A ', A22' and A44', are to be determined).

Typical counting rates are shown in Table 7. The counting rate as

a function of angle is shown in Figure 18, where the data repre-

sented is the average over the entire three weeks. The angular
distribution corresponds to

A22'E 0.20610.038,

and using Q 22 "" 0.86, we obtain
0.24010.044.A22 7:
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Tal)10 7

Angular correlation data l()I Ru97 (typical results)

NaI detector Ge(Li) detector True coincidence Chance coincidence

E Singles
rate (sec-1)

E Singles
rate (min-1)

(min-1) (min-1)

216 1x103 569 70 511 2-+ 0.4

To evaluate the mixing ratios the reported values (41, 39) were used,
b(216) = 0.2710.02 (41, 39)

and from this A2 (216) was found to be +0.5410.02. Knowing this B2

(569) was deduced.

B2 (569): 0.2410.044 1-0.4441-0.082
0.5410.02

from the solution to Equation 11-25

b (569). +0.0610.04 or

(569)= +3.6.10.6

The smaller value of had to be chosen in order to obtain best

agreement with the results presented in Chapter VII.
,3- 44'`u 101

In this isotope it was possible only to investigate one cascade,
the 238 Kev-307 Key. Two weeks of data collection were necessary.

Because of the weakness of the 238 Key transition, only a very crude

estimate of the A22 was obtained. Typical count rates are shown in

Table 8. A22 was found to be -0.21.0.15.
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Tablc, 8

Angular correlation results for Rh101 (typical results)

NaI detector Ge(Li) detector True coincidence Chance coincidence

E Singles
rate (sec-1)

E Singles
rate (sec-1)

(min-1) (min-1)

307 103 238 20 +1.0-0.2 4-0.5-0.2

A 22
% - -0.17310.13

Q22= 0.865

A22_ -0.24.15

The measured A22 was only consistent with

1) (238) ( 0 and

(307) < 0

In the light of this, using values for 1 % obtained from correla-

tion coefficient measurements (44)

(238)=. -(0.410.2)
$)(307)=. -(0.4+0.2)

-0.3
4- 44 Ru99

In this isotope two cascades 527 Kev-89 Key and 353 Kev-89 Key

were investigated. Four weeks of data collection were necessary.
In the process of measurements, special attention was given to the
background in the regions of 89 Key and 353 Key. Typical counting

rates are shown in Table 9 and the average counting rates for all data
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Tab!.

Angular correlation results for Ru99

NaI detector Ge(Li) detector Trues Accidentals

E Singles
(sec-I-)

E Singles
(sec-I-)

(min-1) (min-1)

89 4x103

89 4x103

353 400

527 100

25±2

20±2

310.5

210.5
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are shown in Figures 18, 19. Finally, geometrical corrections were

computed 02...Wand incorporated in the final answer

A22 (527 Key-89 Key): -0.191t0.007
A22 (353 Kev-89 Key): -0.331'10.020

As far as the level 442 Key is concerned, it was found that only a

spin of 1/2+ is in agreement with the measurements.

Despite the fact that not enough information was available to se-

lect one value for the mixing ratio for 527 Key transitions, it seemed

more likely that smaller values were favored, especially if the pre-
vious experience with the other neighboring isotopes was taken into

consideration.

Using the value of 6(89) as reported in (52)

S(89): -1.6t0.2
it was found that

(527)= +0.21+0.14
-0.2 o or

(527)= +1.1+0.1
-0.2

(353)= +0.6-0.4

and

Also it seemed that the spin assignment for 617 Key-level should

be 1/2+ in order to be consistent with the measurements.
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Average Counting Rates for 353-89 in Ru99
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Average Counting Rate for 528-89 in Ru 99
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IX. DISCUSSION ANI) 'ONCLUSIONS

As a first step in discussing the results of the experiment and the
interpretation of what was measured or reanalyzed, it is essential to
start with a table including all the available information about the

mixing ratios.
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Table 10

Summary of Mixing Ratios Either Done Here or From the Literature for
the Relevant Transitions and Isotopes

Isotope Et in Kev ( 08 Cr)

45Rh
105 875 -0.67 +0.21

-0.13

469 +0.1210.03

43Tc97 216 +0.2710.02

569 +0.0610.04

45Rh103 295 +0.1510.01

497 -0.1210.08 (48)

44Ru
101 238 -(0.410.2)

307 -(0.4+0.2)
-0.3

127 +0.1710.04

198 +0.1210.03

44Ru99 89 -1.610.2

353 +0.610.4

527 $1.110.1 or +0.21+0.14
-0.2 -0.2
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Table 10 cont i nued

Isotope E t in Key ( b W

46Pd
105 280 +0.0710.07

306 +0.05510.002

319 +0.0911.0.013

In search of an excited state which fits the de-Shalit description,
it was necessary to calculate the mixing ratios using his model and

to compare that with the ones deduced by experimental means.

As an example for the calculation, the isotope 46Pd1°559 was

selected with the 46Pd10458 as the neighboring even-even nucleus.

The ground state of 46Pd10559 has spin 5/2+ which could be a

core of spin Ot plus a neutron in d 5/2+state. If the core is excited

then the final excited states of the nucleus will form a multiple ac-
cording to the rules of angular momentum addition.

Thus, the possible states will be
9/2-t- , 7/2+ , 5/2+ , 3/2+ , 1/21-

In the selection of a particular state as a candidate for consider-
ation as an excited core, the energy and half-life of that state were
always compared to that of the excited core of the neighboring even-

even nuclus, and they should be comparable. In the present case,
the level 319 Key with a half-life of 25 ps was chosen. The selection
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of the 46Pd1°458 will make it eo: y to examine either the (5/2+

7/2+ ) 497 Key or (3/2- + 1/2-) 295 Key transitions in 45Rh10358.

Because of the lack of previous knowledge of all the detailed

properties (lifetimes, magnetic dipole and electric quadrupole mo-

ments), of the states involved, the following rough calculation will
give only an order of magnitude approximation to show that the mixing

ratios need not be large for the de-Shalit model to give an approxi-
mate picture of the odd A-nucleus.

For the first excited state of the neighboring even-even 46P
d10458

the following information is available (50)

= 2

E = 0.555 Mev

T 1/2 = 10 ps IX-1

Q (2 t )= -0.3 b (static quadrupole moment)

g (2 +): 0.35

In the nucleus under investigation 46Pd105, the excited state

0.319 Mev was selected as a possible candidate for an excited core
state. For this state the following information is available (50)

j7= 5/2+

E = 0.319 Mev IX-2

T 1/2= 25 ps

and the magnetic moment of this state is unknown. The ground state

of 46Pd1°5 has g= -0.32 and JIT = 5/2+ and it seemed reasonable to
assume an approximate value of g for the excited state 5/2+ equal

to that of the ground state.

Now with g (5/2+ ) for the excited state equal to -0.32 we can
proceed to evaluate the magnetic moment for that state as well as

the magnetic moment for the excited state 2+ of the neighboring even-

even nucleus 46Pd104 .
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(5/2+) = -0. 2 x 5/2= -0.8 IX-3

(2+) tt 0.35 x 2 = 0.7 IX-4

To evaluate 111-35 the value of the matrix element <211E2110)

must be computed.

From III-39b and IX-1

B(E2,2-4 0) = 0.693 1

1.22x10-9 (0.555)5 x 10 x 10-17

11.4 x 102 e2 fm4

= 0.114 e 2 b2

But from III-39a

B(E2, 2): 5 B(E2, 2-11 0)

= 0.57 e2 b2

and

1 4.21V21k0) it 107,7712)= 0.75 eb

To evaluate 111-36 we need to compute the value of 42A1E21\2)

and <5/211E2115/2 f where 5/2 is the spin of the single particle.
From 111-41

and from 111-42

<211E2t2) r. 1.32 Q (2 t)

= 1.32 x (-0.3)
-0.4 eb

5/2 qE2115/2)= j65 4x5x6x7x8
64 4x5/2

Q (5/2t )

But in the shell model

Q(j)= -(2j-1) <j(r2V)
2j1t2

Using 111-44 the value of Q(j) is computed

eQ(5/2 )=- -0.1 eb
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and finally, (5/2 E 2 % 5 / 2 )/2) i s evaluated

<5/2 iE-215/2)7: -0.13 eb

To summarize: the core contributions are

2 E210) 1= 0.75 eb

(lit ENV) = -0.4 eb

The single particle contribution is

<5/2 E2 \\ 5/2)= -0.13 eb
Now it is possible to evaluate 111-32 through evaluating 111-35,

111-3 6, III -37 and 111-3 8 assuming A in 111-32 to be one and using (54)

for computing the Wigner G-j symbols to find the following values:

for 111-3 5

for 111-36

for 111-3 7

and for 111-3 8

(2 5/2 5/2 11E210 5/2 2): -0.81 eb

<2 5/2 5/2 14E412 5/2 2): +0.15 eb

<0 5/2 5/2 tikE2110 5/2 2)=-1.0.14 eb

<0 5/2 5/2 Ii\E2 IV 5/2 2)=- -0.62 eb
The value of III -32 can be found and this will be done later.
To evaluate III -33 we have to compute both of 111-46 and 111-47.

In this respect we have from 111-50

<2 WM 1 V%2' = 1.34 (2+) which is the core

contribution and from IX-4

Finally to evaluate (At E2Ij) and the< J' m J)we sum-

marize the results in the following table
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Table 11

Matrix elements of the different terms in E2 and Ml transitions
(I11-32, 111-33)

1st 2nd 3rd 4th

E2 -0.81 eb +0.15 eb 40.14 eb -0.62 eb

M1 0 +1.35 IAN t1.53 /AIR 0

From 111-32

(J'ItE2RJ>: A2 (-0.81) + A(1-A2)1/2 (0.15)

-A(1-A2) (0.14) (1-A2) (-0.62)

and from 111-33

( 'UM 111J) A(1-A2) 1/2 (4.. 1.35) A( 1- A2)1/2

(1.53)

It is obvious that the mixing ratios will be functions of A. In the

following table we evaluate $ for the different values of A.
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Table 12

Mixing ratios as a function of the mixing coefficients A

A E2 Ml

0.98 -0.76 -0.035 5.78

0.9 -0.499 -0.071 1.87

0.8 -0.2904 -0.086 0.9

0.7 -0.0757 -0.09 0.223

0.68 -0.0362 -0.09 0.107

0.65 +0.019 -0.09 -0.056

But we know from experimental findings that Si (319)= 0.1. So
if 319 Key is a core state then the mixing of the states is very strong.
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In the case of 45Rh10560 it V js expected to have either five pro-
tons in the 1 G 9/2 state with a possible 9/2+ ground state, or six
protons in 1 G 9/2 and one proton in the 2 P 1/2 state with a possible
1/2-ground state. Neither is the case and it seems that there is more
to it than this simple picture.

In the case of 43Tc9754 the three protons could be in 1 G 9/2 to
give 9/2t ground state or four protons will be in 1 G 9/2 and one in
2 P 1/2 to give 1/2 ground state. The ground state of 43Tc9754

is 9/2 t state. It is expected to have excited states forming a multi-
plit with the following possible spins:

13/2+ , 11/2+ , 9/2+ , 7/2+ , 5/2+

From the available data and the experiment, the 785 state was

examined for a possible core state because of energy and half-life

considerations. From Table(1O)it is seen that with a mixing ratio

for the transition 569 Key is just 0.0610.04 that this transition is
just pure MI transition and it is not likely to be an excited core state.

For energy consideration the state of 216 Key (7/2t) was ruled out
as a candidate.

In the case of 45Rh103, as expected four protons in the 1 G 9/2
state and one proton in the 2 P 1/2 allowing for a ground state of spin
1/2 . In this isotope there is a relatively long-lived state of spin
7/2* which makes the picture a little complicated, but nevertheless
if there is any excited core state it ought to be one of the multiplit
5/2-, 3/2-. Though the state 295 is low relative to the first excited
states of the neighboring even-even nuclei, it would make a possible
ca ndidate .

In the case of 44--Rul°157 the seven neutrons are divided, five in
the 2 D 5/2 state and two in the 1 G 7/2 state, which makes the ground

state a 5/2t state. In the picture of excited core we expect a multiplit
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of the following spin assignment

9/2+, 7/2+, 5/2+, 3/2+, 1/2+
There is more than one candidate but nothing is known about the

transitions involved. In the case of 44Ru9955 the extra five neutrons

are divided two in 1 G 7/2 state and three in the 2 D 5/2 state allow-
ing for a ground state spin of 5/2+. If the core is excited then the
possible spin states for the excited state are 9/2+, 7/2+, 5/2+, 3/2+
and 1/2+ which will form a multiplit. A good candidate for an excited

core state would be the 617 Key level but no information is available

for the transition 617 Key.

Finally, this work covered two areas of interest. In the first area,
measurements were successfully executed for previously unknown

quantities and ambiguities were removed by double-checking previous

conflicting results. In the second area, an attempt to verify the
de-Shalit model of excited core in this region of mass number using

the mixing ratios was carried out for the first time resulting in pointing
at certain states as possible candidates for the excited core model.
When more information is gathered a fully detailed calculation will be

in order. This work is a small step in that forward direction.
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Geometrical Correction Factors

An accurate determination of the true angular correlation coeffi-

cients Akk from the measured ones AIkk depends upon an exact know-

ledge of the geometrical correction factors Qkk

Generally speaking, Qkk l:. Qk(1)( ri),(2)( y2) where the
superscripts refer to detectors 1 and 2. The Qkk are normalized so

that Livois equal to unity.

The factors Qk(i)( (1) describe the response of a detector i to

gamma-ray ri and depends upon four factors:
a) the dimensions of the detector

b) the detector position relative to the source

c) the energy of the gamma-ray

d) the dimension of the source

The first three may be considered to be correction due to finite

detector size, and the last as due to the finite source size.
The following discussion assumes that the source is centered on

and normal to the plane of the detectors, that the source is located
at the intersection of the axes of the two detectors, and that the source
is centered relative to the arc traversed by the movable detector.

Conditions as such are reasonably well met in practice.

1. Correction Due to Finite Detector Size

a) Computed value: For the NaI(T() detector, computations of this

correction were carried out in detail and the values for different size
detectors were tabulated by Rose (33) and Yates (32), among others.

For the coaxial Ge(Li) detectors, Krane (34) and others calculated

this correction and tables exist for different size detectors and different
distances from the source.

b) Measured values: There are two methods which can be used to
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measure the geometrical correction factor Qkk. The first consist of
measuring a well-known angular correlation and using the measured

A'kk and the known Akk to calculate Qkk. In this respect a measure-

ment of the angular correlation of Co6° was carried out with the

following results:

A122 0.089-0.007
But

A22 0.102

so Q22 0.87-0.07 experimentally

But Q22 from the tables 0.85

In the second method we use the radiation emitted as a result of
the decay of Na22 (positron annihilation) (34). The value of Q22 de-

termined by this method was Q22 0.870.
There is a good agreement between the experimental values and the

value extracted from the tables, therefore, we decided to use the table
values all the way in the experiments.

In all this work the distance of the source from the Ge(Li) detector

was kept at 5 cm, and distance of the source from the NaI(T1) detector

was kept at 10 cm.
Table 13

Calculated geometrical corrections from tables(32)and(34)
for the cascade under investigation

Isotope E( -. r )Kev Ge(Li)
Q2( rl)

NaI(Tt)
Q2( r2)

Q22

Tc 97 569-216 0.9385 0.9163 0.86

Rh99 527-89 0.9387 0.9065 0.85

353-89 0.939 0.9065 0.85
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Table VI continued..

Isotope E( go.. h. Key Ge(Li)
Q2 ( ri)

NaI(Tt
Q2( 12)

Q22

Ro0, 238-307 0.935 0.925 0.865

Rh105 469-875 0.938 0.9364 0.878

469-317 0.938 0.9250 0.867

2. Correction Due to Finite Source Size

The sources used for these measurements were of the form of right

circular cylinders of approximately 2 millimeters radius and from 0.5

to 2.0 millimeters in length depending on the amount of powder used.

The corrections for finite source sizes depend in the first approxima-

tion on the area of the source. In ( 54) it was estimated that for
sources of circular cross-section and 3 millimeter radii a change of

0.2 percent is possible in Q22
were disregarded in this work.

These corrections are very small and


