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PREFACE

For the determination of internal conversion coefficients B-
spectrometer methods have -been used most commonly. These methods,
however, fail just in the interesting case of isomers not following
an intense branch in B-decay or K-capture, or in cases where the
conversion coefficient is high. In these cases comparison of the gamma
and x ray intensities is almost inevitable and is usually accomplished
by use 0of a scintillation spectrometer. ‘;n cases where the conversion
coefficients can be found by both B-spectrometer and scintillation
methods, the results have found to be in good agreement,

The author ‘is indebted to Dr. H. P. Hotz for his valuable guidance,
continuous aid and encouragement during the execution of this work. I
would also like to express my appreciation to Professor C. F. Harris
for the loan of the scurces; to Mr. C. Northup for helpful discussions;

and to Dr. B. C. Groseclose and Mr. G. D. Loper for assistance and loan

of equipment.
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INTRODUCTION
Definition of Internal Conversion

Internal Conversion is usually referred to in the following way.
When a nucleus is in an excited state for which the excitation energy
is less than the binding energy of a nuclear particle, the nucleus will
go to a lower energy state predominantly by either one of two competing
processes. .Either a gamma ray photon will be emitted or the nuclear
excitation energy will be transferred to one of the orbital electrouns
by interaction. of one of the nucleons with an orbital electron resulting
the ejection of the orbital electron from the atom, the latter process
is referred to as internal conversion (1). With the transition energy
greater than 1.02 MeV, there-is a possibility of an electron-positron
pair being emitted instead of an orbital electron or photon and this
takes place but with a frequency wvery small relative to gamma emission.
If we let the decay constant Aq represent the probability per second
for the emission of a photon, whose energy is hf = km029 by a radiative
nuclear multipole transition, and the decay A, represent the probability
per second that this same nuclear multipole field will transfer its
energy hf~= kmc2 to any bound electron in its own atom, then the total
internal conversion ccefficient o is defined as (2) o = Xe/kq = Ne/Nq,
The ratio Ne/Nq is sometimes called the branching ratio where, N, is

the number of conversion electrons per second and N, is the number of

photons per second. The total transition probability is then,

1



Ay = Ay T A, and the total number of nuclei transforming is N + N, or

Nq(l + o).
Discussion of Internal Conversion Coefficients

It will be shown in the theory section that the internal conversion
coefficients will depend on many things of interest such as the energy
of transition, the atomic number of the emitter, the .shell or subshell
from which the electron is ejected, the multipolarity L. of the.angular
momentum of the radiated field, and the character of the transition,
electric or magnetic. Usually when the nuclear excitation energy is
small and the angular momentum change is large, internal conversion
will predominate over gamma emission. In this case the nuclear exci-
tation energy is transferred to one of the penetrating orbital electrons,
usually a K electron, resulting in the electron being ejected ffom the
atom. This produces vacancies in the K shell and other shells of the
atomic electrons but with the majority of the vacancies in the K shell,
Therefore internal conversion transitions are accompanied by x ray
emission spectra. No change in nuclear charge is involved with internal
conversion or gamma emission so the x ray spectra are characteristic of
the element in which the nuclear transition took place. The relative
probability that a vacancy in the K shell is filled under emission of
K x ray 1is called the "Fluorescent Yield" of the K shell, w . Accord-
ing to Burhop (3) w, depends on the nuclear charge as:

(wy /lawk)lf’ = A + BZ - CZ°
Values for the constants A, B, and C hafe been given by Burhop and by
Roos (4). More recent data has been used by Hagedoorn and Wapstra (5)

to derive these constants and they tend to give somewhat lower values



in the region 20<Z2<30 than those of Burhep or Roos.

The vacancies in the atomic shells due to internal cenversion are
filled again by electrons from outer shells and the energy released
may be carried off by an x ray quantum or it can be transferred to
another electron which is then ejected froﬁ the atom. Such .an electron
is called an "Auger Electron" (6). The resulting atom is ionized in
two shells, which may be identical. In almost the same way as fluores-
cence -yield one can define an auger yield and these can be used in
determining internal ccnversion coefficients.

During the past three decades many measurements of internal con-
version coefficients have been made and the theory of internal conver=-
sion of gamma rays has been improved by several people (7, 8, 9, 10, 11).
Calculations of the theoretical values of internal conversion coeffi-
cients (12, 13, 14, 15, 16) have been made and those for the K shell
are thought to be good to within less than one per cent. Most of the
measurements have been in agreement with the theory and have served as
a significant test for the thecry although their accuracy in some
instances was not within one per cent. The first people to measure the
internal conversion coefficients for the two gamma.rays in the decay of
Co®® were Deutsch and Siegbahn (17) at the Nobel Imstitute for Physics.
They used a large double-focusing spectrometer which permitted a reso-
lution of one per cent. Comparison of their results with the theoreti=-
cal values of Rose (16) indicated that the parity change must be the
same in both transitions and that the two gamma rays are probably elec-
tric quadrupoles. Waggoner, Moon, and Roberts (18) used a double coil,
thin lens magnetic beta-ray spectrometer to measure the internal conver-

sion coefficients of the gamma rays from Coso, Cs'®%, and Zn®®. The



results obtained compare well with the theoretical values and indicate
that both of the gamma rays from Co®® are electric quadrupeles.. Also
using a . double léns beta ray spectrometer but with a- thin.windew,.the
internal conversion coefficients of Co®® were investigated. by .Fan .(19).
The results of all the previous measurements of Co®° can be -put in

the following table.

TABLE T
PREVIOUS RESULTS FRO Co®°
a {10%)
Exp. Theor.

Gamma -EQ MD
Deutsch and Siegbahn 1.17 MeV  2.32 £ 0.6 -1.545 1.387

1.33 MeV  1.83 £ 0.5 1.175 1.034.
Waggoner, Moon, and Roberts 1.17 MeV 1.733 + 0.061

1.33 MeV  1.286 + 0.035
Fan, Chang-Yun 1.17 MeV  1.72 £ 0.17

1.33 MeV  1.24 4+ 0.12

Since all the previous measurements shown in Table I were made
with high resolution beta ray spectrometers, they are expected to be
more accurate than the measurements in the present .study, but our
scintillation spectrometer measurements agree well with the previous
measurements. The scintillation spectrometer does not have the high
resolution of the beta ray spectrometer but has the advantage of
measuring weak sources. In most cases where internal»conversion
coefficients are to be measured both types of spectrometers are

usually employed.

The Scintillation Spectrometer

A phosphor coupled to a photomultiplier tube was first successfully

used to detect ionizing radiation in about 1944. Since that time



phosphors have been used in a variety of ways for detecting different . ...
types of ionizing radiation. Some of the characteristics of this type
of detector compared to other means of measurement are high sensitivity
to gamma rays, response proportional to the incident radiation, rapid
response time and fast deéay,times. Sodium iodide, activated with
thallium, combines a number of excellent properties which make it one
of the most important scintillation phosphors. NaI(Tl) has about the
highest energy conversion efficiency of any known phosphor and can be
grown in large single transparent crystals. So as a scintillator for
spectrometric measurements, NaI(Tl) is probably superior to any other
material so far known.

The working principle of a scintillation spectrometer can be
summarized in the following way. A gamma or x ray quantum being absorbed
in the NaI(Tl) crystal causes a light flash. This light flash on the
-photosensitive cathode of the photomultiplier causes an avalanche of
electrons to reach the anode of the photomultiplier tube. This generates
a pulse which is amplified many times by a non-overloading linear
amplifier. -With many pulses being amplified they can be sorted by use
of a single channel pulse height analyzer and counted separately by a
scaler. A block diagram of the instrument is given in Figure 1, and a

full discussion of the wvarious components will be given in Chapter III.

source
high
: —_— - — voltage scaler
Crystal I [ Supply
photo
tube -
pre-— linear pulse
T % amplifier Jamplifier height
— 1 analyzer

Figure 1. Block Diagram of a Scintillation Spectrometer



Ali processes involvgd are linear and a curve showing the number
of pulses of a certain amplitude versus the amplifude (pulse -height)
gives -information about the energy spectrum of the absorbed radiation.
A typical scintillation spectrum of a single gamma ray :is shown in
Figure 2 and may contain the following features: . a. photopeak at a
pulse ‘height corresponding with the gamma ray energy E, pair peaks at
E=-1022 keV and at E-511 keV, and escape peak (Figure 3) at E = E -28.5
keV, and a Coﬁpton continuum containing all energies up to.E - E%. The
energy of gamma rays with initial energy E becomes after Compton scat-
teringvghrqugh an angle 0,

2

g m_c

6 {(m,c®/E) + 2}

and the minimum remaining energy is obtained in back .scattering (6 = )
Ty,

2
’E' — mOC

. {(m,c®/E) + 2}

A backscattering peak at energies slightly ‘higher than E% is an always
present spurious feature and its intensity depends on the counting

arrangement .

photopeak

; backscatterin eak
Counts P &P

‘per
Minute

™ ———
— N

Compton
continuum

4 Pulse Height
Figure‘2; -Scintillation Spectrum of a —~ 1 MeV Gamma Ray



photopeak

escape peak

Counts
per
Minute

= e - ————

Pulse Height

Figure 3 Scintillation Spectfum of an ~ 60 keV Gamma Ray

-~ e

Some of the problems involved with the scintillation spectrometer‘
can now be pointed out, however they will be discussed,ﬁurther in
Chapter III. The efficiency of the séintillation spectfometer is a
function of the gamma ray energy so the spectrometer has to be cali-
brated at various energies. At low energy this efficiency can be |
computed but at higher energies the computation is complicated due to
the second order processes (20). At low energies the Compton absorption
cross-section is negligible compared to the photo absorption cross-
section and in this case for energies ‘lower fhan‘lOO.keV.

The complex gamma ray spectra can be analyzedAinté components
by successively subtracting the single spectra due to the highest
energy gamma ray (21). For low energy lines, which are broad and
accompanied by eggépe peaks, the separation from the background due
to Compton continuum of higher energy gamma rays is.not easily
accomplished. However, a knowledge of the ratio of the area under the
escape peak and that under the photo peak will help in.separating such
peaks from the background.

The commercially canned crystal is covered with an Al;0; reflector



and Al container. DNecessary corrections for absorption must be made

especially for the x rays.



THEORY
‘Theory of Inorganic Crystal Scintillators

In the present study we are more specifically interested in the
photoelectric -process produced by x and v radiation in an inorganic
soclid and by visible and ultraviolet photons at metal surfaces. A
discussion of the effect at metal surfaces can be found in most text
books and can be extended to include interaction of quanta with elec-
trons bound to individual atoms. In an inorganic crystal such as
sodium lodide activated with thallium, the mechanism for the production
of the scintillation can be described best in terms of the band picture
of solids (22, 23). Sodium iodide activated with thallium belongs to
the class of ionic crystals as classified by Seitz (24). The electronic
energy states of a single atom or molecule are a series of discrete
levels, however in an inorganic crystal latticethe outer electron
energy levels are perturbed by mutual interactions between the atoms
or ions. These levels are brdédened into a series of continuous
"allowed" energy bands, separated by '"forbidden" regions of energy.

The inner electronic levels of the atom are practically undisturbed

and retain their normal character. For an insulator the energy band
system is shown in Figure 4 such that in the normal state, the lower
energy bands are completely filled, while the higher bands are empty.
The bands extend through the crystal, and electrons are free to move

in them without additional activation energy. Motion through a filled
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band does not cause electrical conduction, since equal numbers of elec-
trons move in opposite directions. The highest filled band is separated
from the lowest empty band by an energy of a few electron volts.  Elec-
trons in the filled band may be raised into the empty bands by the
absorption of quanta, having positive holes in the filled band.. Photo-~
conductivity then occurs due to the motion of the excited electrons. and

positive -holes.

C C conduction band

% :
/ ¥, x, and x, forbidden
Xo bands
/// / / F2 Fl and F2 filled
bands

Figure 4. Energy Band System.of an Insulator

This simple model applies only to insulators having a perfect
crystal lattice. In practice, variation due to lattice defecfs, etc.,
occur in the energy bands producing local eléctronic energy levels .in
the normally forbidden region below the conduction band. If these
levels are unoccupied, electrons moving in the conduction band in
their vicinity may drop to the valence band by emission of photons and
this is the process of fluorescence. Most inorganic crystalline phos=\
phors are activated by the inclusion of impurity atoms .in the crystal
lattice. Additional energy levels are introduced locally by the impurity

ions which creates fluorescent centers (25). The energy band for an

impurity-activated phosphor is shown in Figure 5.

s

Figure 5. Energy Band for an Impurity-Activated Phosphor
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An excited electrpn in the conduction band may lose its energy with-
out the emission of photons, say to thermal energy or lattice vibration.
This process .is referred to aé one of quenching and it might be pointed
out that the temperature effects are very important. Another possibility
is the trapping of the electron at the energy associated with the impurity
atoms. When this occurs, the level is referred to as a metastable state.
The electron will remain in the metastable state until raised again to
the conduction band or until it drops to the valence band with the emis-
sion of a quantum. From the conduction band the electron can undergo any
of the three processes just described. If, after being trapped in the
metastable state, the electron drops to the valence band with the emission

of photens, the phenomenon is phosphorescence.
Theory of Internal Conversion

A nucleus in an excited state, for which the excitation energy is
less than the binding energy of a nuclear particle, may emit a gamma ray
in making a transition to a state of lower energy or the energy released
may be utilized to eject an atomic electron from one of the bound states
into the continuous energy spectrum. These two processes are competing
in the sense that one or the other takes place when a given nucleus makes
a transition provided the energy is less than 1.02 MeV. If the energy is
greater than:1:.02 MeV then there is a possibility of the energy appearing
as an electron-positrbn pair. The internal conversion coefficient is a
measure of the relative probability of the processes and is defined as
the ratio of the éotal number of ejected (conversion) electrons per unit
time to‘the total rate of emission of gamma rays. The theoretical treat-

ment which follows is essentially that of Preston (54).



12

In order to obtain an internal conversion coefficient we will
consider the interaction between two particales which takes place by
the way of the coupling of each ﬁarticle with the radiation field.

We must consider the quantum-mechanical description of the interaction
energy. One of these particles will be taken to be a Dirac electron
and the other to be a nucleon to which the radiation field is coupled.
The equations of motion for a nucleus coupled to an. electromagnetic
field depend intimately on the essentially unknown nuclear forces,

but for the internal conversion coefficient of a point nucleus it is
unnecessary to specify the nuclear dynamics in detail.

We will consider a total system that consists of the radiation
field and two particles with subscripts-l-and 2. We will let particle
1 be a Dirac electron and particle 2 a nucleon to which the radiation

field is coupled. The hamiltonian equation for the system is

i % = (B @) + 8@ +8)]y 2.1)
where t designates the time and the units are such that, in this equation,
H is the hamiltonian of the radiation field alone; Hl(z) and HE(X) refer
to particles 1 and 2 in the presence of the field, whose vector potential
is A. Thus H, and Hy contain the coupling terms which represent the
interaction between particles and field.

For the Dirac electron
H =-0 - (p - eA) - Bm + e, U (2.2)

where e, is the electron charge, m the electron mass, the matrices «

and B are 0 g ;- <} é)
“T\s 0 0 -

where each element is a two-by-two matrix and ¢ is defined as
- _ h -
c= — 8.

2
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H, can also be written as
H, = H, (0) + H, (&) (2.3)

where

H, (0) = -a - p - Bm (2.4)

is the free particle
hamiltonian and
H @A) =e(x-A+0) (2.5)
is the coupling term.
Corresponding to the decomposition of A and U into complex -fields, we

have .
1wt

B A) = H (A)e ™ + 5 (a%)e (2.6)

and Hl(A) is the functional of A defined by the form of Equation 2.3.
It is essential to consider the effect of a gauge transformation.

If the wave functional { describes the Dirac electron .so that

i"‘Z‘%=Hl¢ 2.7

and we make the transformation

-ie; 5

U =e U (2.8)

where S is a (one-by-one) function of the coordinates and time, it
“follows ‘that

128 =y (2.9)

where

er8 g o718 o3 O (2.10)

| B—
Hl—e Eelat

where H; is given by (2.2). This result (2.10) is quite general and
describes the effect of the unitary transformation on (5 hermitian)
any hamiltenian equation. It follows that

Hy (A) = B (A") (2.11)

where A' stands for the gauge - transformed potentials. Equation 2.11
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then states that a gauge transformation on the petential is equivalent
to a canonical transformation (unitary) on the basis {. A canonicai
transformation does not change the matrix.elements of the coupling
-operators, and we can conclude that the transition probabilities are
~independent of the  gauge as long.as the property expressed by Equation
2.11 is fulfilled. That is, the hamiltonian for which Equation 2.11
is fulfilled is then said te be gauge invariant.

For the Dirac electron the construction of the'gaug¢~invariant
hamilton is given by-Equation‘2.2. However, if there are interaction
terms, such as those representing the nuclear forces in HE(O), which
do ‘not commute with g, the gauge-invariant hamiltonian may be much more
complicated and its exact form depends on the nature of these nuclear
interactions. .Since these nuclear interactions are not completely
understood, the interaction will be treated in a general wéy. So for
particle .2 we write,

@) =10 +aP@ +1P@ + ... (2.12)
which corresponds to an expansion in the vector potential or coupling
constant ey . -Thus H(0) is the free—particle-hémiltonian, H(l)(z)_is
homogeneous and of second degree .in K, etc. .Each term in Equation 2.12
is hermitian.  Since we are interested only .in single quantum emission

(1)

or absorption, the terms beyond H will be dropped. So we write,
H(l)(g) - H(l)(A)ewiwt + H(l)(A*)eiwt (2.13)
where A, A% are time independent.
Consider the following situation: At t = 0, particle 1 is in a
state of zero energy, particle 2 in an excited state of energy W.
This is the initial state and will be given the subscript i. There

are two intermediate states described by the following scheme:
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Particle 1 Particle 2 quantum energy
State -j 0 0 w
State j' "E W , W
That is,. for state j a (virtual) quantum of energy w has been emitted
by particle 2 whose energy after emission is zero. For state j' a
quantum of energy w has been emitted by particle 1 which takes the
energy-E after emission. The final state,. with subscript £, is one in
which:there are no radiation quanta, particle -1l is in the state with
energy -E, and particle 2 is in the state with zero energy. This state
is reached from j or j' by absorption of radiation energy.w by partiéle
1 or 2.
The total wave function VY is expanded into functionals of states,
i, j, 3%, £
Y= a, ()Y, +a, ()Y, + alE)y + a, (£)Y, (2.15)

Then the equations of motion for the probability amplitudes

P a, take the form (26)
18, = wa; + [dufl a, () + [dul! ay(w) (2.16a)
id; = wa; +H_a + deHwEaf<E) (2.16b)
idy = (w+w+ Eay+ B a + IdEB&Eaf(E) (2.16¢)
ia, =Ea, + [dofl a, (0) + [dull! ay(w) (2.16d)

Here,fdw implies an integration over all intermediate photon energies
and a sum over e, 1, M, that is, over the complete set of multipole
fields (27) in terms of which the general radiation field is expanded,
as in Appendix A. The integration designated byYIdE sums over the
energies of the Dirac electron and also implies a spin summation. The

matrix elements are defined by
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W= el Fargslora S ) + 165D oy, @170
Hw ™ ev(Z”/w)éfa“ALM(l)(wr”) + icp}f(l)(wr’)]@i (2.16b)
Ho = e'(2ﬂ/w)éja'uAL§l)(wrv> . i@¥(l)w(wr“)]@i (2.17¢)
B =e (zﬂ/w)l/z_j'drrq;f*[opALpfi)*(wr) - icpltd‘(i)*(wr)jubi (2.17d)

in which {.and ¢ are, respectively, the electronic and nuclear wave
functions with the subscripts i and f referring to the initial and
final states. Here e, r, drt and @« refer, respectively, to the charge,
position, volume element, and Dirac operator for the electron. The
corresponding primed quantities -refer to the nucleus and Af&) and,@F(i)
are, respectively; the vector and scalar potentials for the 2Lwth
multipole of the i-th type (electric, magnetic, or longitudinal).

The equations for the probability amplitudes can be solved by the
use of Laplace transformation (28). No assumption as to the general
form of the solution has to be made so denoting the laplace transforms
by the use of capitals, we have

L{a,} = A, =vj':é~8tai (t)dt
where S = T - ik, and T 2 0. After applying the initial conditions
a, =71 a; = ay = a; = 0 and making the substitution w, = w + E - Kk,

the transforms of equations 2.16 are

(W= k- iMA = -1 - Jdeit Ay - [del] Ay (2.18a)
(0= k- iMA; =~ H A - [dEH A, (2.18b)
(Wt @, iMA, = - H! A - [aER! A, (2.18¢c)
E - k- iMa, = - [defl A - [dull’ Ap (2.18d)

For the radiation processes which we are considering,IafP is
proportional to e*. Therefore, as will be seen from the math below,

A, must be determined in fourth approximation. The zeroth approximation

of Ai gives a(t) as a periodic function of the time; the second
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approximation gives the decay of a(t) with the emission.of the gamma-
quantum; and the fourth approximation gives the decay of a(t) with
both the emission of the gamma-quantum and the ejection of the orbital
electron. Since the first approximation does not include the effect
of the presence of the other electrons, A, need be determined in third
approximation; A; need be determined in second approximation only.
In zeroth approximation (2.18a) gives

(w- k- iMA, = -i. (2.19)
Substitution of (2.19) into (2.18b, c) yields A, and Ay in first
approximation.

(w -k~ iMA, = ~HwoAi (2.20)

(w + wo - iﬂ)Ay = -HL'UOAi (2.21)

“Substitution of (2.20, 21) into 2.18d) gives A, in second approximation.
1 af)

H H H
. EW Wwo EW wo
- - -
(E k L‘I])Af Aifh@f Tkoim +‘ oin- » (2.22)

where the integral over w, which we denote by U, 1is evaluated in

Appendix B.
eik
Uy, = -ee’farfdrtypey (1 - @' )(E) 0k

Substitution of (2.20, 21) into (2.18a) gives A, in second\approximationv
H H H' H®

oW we  _ oW o
wwkﬂi'n w+w°==i’ﬂ -

(w~ k- iMA, == 1 = Aifdw[ (2.23)
where the integral over w, which we denote by iv;, 'y, being real and

positive, is evaluated in Appendix B. Substitution of (2.22, 23) into

(2.18b, c) gives A, and Ay in the third approximation:

i

H
/ . QE
(w= k- imA; =-H A - UfOAide{E:E:Zﬁ}: (2.24)

. i . )
and = gAi[Hwo + inU, JH wk]

) _ . .
(w+ w, = iMIAy = ~A1[H;O + lﬂUfonk] (2.25)
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where H is HwE with E replaced by-k and.likewise  for H; The

wk k'’
evaluation of the integrals over E is discussed in Appendix B.
Substituting (2.24, 25) into (2.18a) gives A, to the fourth

.approximation:

B Boutlue
. s . . Wk, ow
(w.- k = J,T])Ai = ml+YlAi+lﬂUf°AiIdw[w”k“iﬂlw"wo”iﬂ]
where the integral over w, which will be denoted by U, ~ U¥ 1is
evaluated .in Appendix B. Then writing vy, = ﬂ]UrOF
A = - (2.26)
P [weke ity tyg ) ] °
Substitution of (2.26) into (2.22, 24) gives
=10
A, = e —— 2.27
¢ T G ) [w ke (T, ) ) 2.27)
-i[H +inU, H ]
A wo - uk (2.28)

3 (w-k=11) [w=k~1 (Thy; +v,) ]

The inverse transforms of (2.26, 27, 28) can be obtained and they

a, (t) = e[_th”(Y1+Yz)t] (2.29)
[H +inu, H ]{e“iwt-a (t)} ,
a, (t) = —2L fﬂ ke i (2.30)
J vw~w+1(yl+y2)
_-u Lo P (1))
2 () = T (2.31)
Hence,
N, =-IdE[af(m)P = leYlef°F (2.32)
and
N, =-[dwla; () = leYz !+ B P (2.33)

- Thus, it is seen that Nq is proportional to,mwo+iﬂUf°H rather than

[HUJOIBO

F
wk
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The second term in (2.33) represents the'effeét of the-ﬁresence of
the extra-nuclear electrons. . In the case in which the radiation field
is restricted to a given multipole,

Hy o+ iU, H = ' (2n/K) 2 far a5la Ay, (ke )-1gf ¥ (ke ') g,

x<1-= (2r2 &2 /l)x{ [dry¥la-B_, (kr)+iy (kr) T4, }

X{fdrirla-Af, Geo)-ig, (r)1g,] ) (2.30)
This result agrees with the correspondence principle result of Taylor
and Mott (29) and shows that the number of quanta leaving the atom
differs from the number ejected from the bare nucleus by a factor of
order €. The first bracket in the correction term represents the
matrix element. for electron transitions from bound to continuum. state,
.that is, the matrix element for the absorption.of a gamma-quantum,
.while the second bracket represents the matrix .element for the emission
of a gamma=quantum. The correction term therefore represents an
interference between the two radiation fields involved.

®  the internal conversion coeffi-

Neglecting the factor of order e

cient for the given multipole radiation is
a(i,L) = (2r®e?/K)| [dryF[a By (ke)+iy (kr) 1y, P . (2.35)

If we make the assumption of a point nucleus, the matrix element
in nuclear space will cancel out and the internal cenversion coefficient
is then independent of any unknown nuclear properties. The only role
‘which the nucleus plays is to act as a source of a 'virtual' electro-
magnetic field with specified energy, angular momentum, and parity.
The fact that the latter two properties condition the conversion co-
efficient constitutes the reason for the importance of this quantity

in nuclear physics. 1In fact, the conversion coefficient is, in general,

a rather sensitive function of k, L, and the character of the transition
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(electric or magnetic).

.The effect of the:finite size of the nucleus on the. internal .con-
version coefficient is incorporated in the previous results, however,
there is a question..as to the gauge to be used in the investigation.
.There is a contribution from inside the nucleus to the internal con-
version coefficient, but the range of r for the calculation of internal
conversion coefficients is taken as 0O<r<w. The question .arises as to
whether or not an extension of the range of r may be carried out with
the radiation potentials expressed in terms of -any arbitrary gauge.

The answer is in the negative as pointed out by Dancoff .and Morrison
(30).

1f, by a gauge transformation, we obtain another set of potentials
-for which the integrand of the matrix element is. small at the origin,
‘this latter set can be called correct. This condition is satisfied
by the conventional gauge.

The effect of the finite nuclear size on internal conversion has
been studied by Church and Weneser (31) especially for magnetic dipole
transitions. Internal conversion coefficients have been found in some
cases to disagree with the calculated values by almost an order of
magnitude. A theory of these anomalous terms in electric Dipole transi-
tions has been worked out by Nilsson and Rasmussen (32) and several of
these cases have been investigated experimentally. This means that
internal conversion is not the clear cut tool in nuclear physics that
it was once theught to be, but there is an advantage to the effect of
the finite nuclear size in that more information should be made -available
by a study. of these -internal conversicn coefficients. 1In cases where

the coefficients are high, they will be easier to measure by scintillation



spectroscopy experiments.
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APPARATUS AND EXPERIMENTAL METHOD

-

Apparatus

The apparatus consists of the:following components: source
hoider,‘NaI(Tl) crystal, DuMont 6292 photomultiplier tube and bleeder
circuit, Hamner high voltage power supply, Sola constant voltage trans-
former, preamplifier, linear nen-overloading amplifier,.single-channel

.pulse height analyzer, and scalar. The source holder was-made of two
aluminum rings and mylar foil. The source was sandwiched between two
‘pileces of mylar and held in:positien by clamping the mylar between the
two aluminum rings. The smaller ring has an inside diameter of 2.5
inches and an .outside diameter of 2.75 inches. The large ring has
inside diameters-2.5 and 2.75 inches and an .outside diameter of 3
inches.

The sodium iodide crystal activated with thallium (Harshaw type
- 8D8) was-2 inches in diameter and 2 inches thick. The crystal was
contained in an .aluminum can with a 0.125 inch glass optical window.

A reflector made of Al;0, was uéed between the crystal and the housing.
The wavelength for maximum emission is about 4100 A and the crystal
has a density of 3.67 grams per cubic centimeter which is desirable for
'fhe-absorption of the gamma rays and the short decay time was also
desirable for fast counting.

The NaI(Tl) crystal was mounted on the:photomultiplier tube using

Dow.Corning (Type QC¥2=0057) silicone grease as an optical joint.

.22
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.Considerable care .was taken to clean these two areas-and.a thin film
of the silicone .grease.was spread.over the two areas. The crystal.was
- then moved. from the:side onto the top of the photomultiplier tube so
that no air bubbles would be trapped between the two surfaces. The
-photomultipligr tube and crystal were then wrapped with black electrical
tape which served as a light shield.

The'photomultipiier tube used was a DuMont 6292. This tube has
ten stages and a flat end-window type photocathode having a S-11 spectral
response. The tube is 2.inches in diameter and has .a focusing shield
that can be adjusted to have optimum coellection of photoelectrons which
.is accomplished by varying the potential between the shield and the

photocathode -as shown in Figure 6.

-700

1

14 \
. .
e T X XYY ¥y ¥ 5\
330K 100K| 220K | 220K | 220k | 220k | 220k | 220k | 220K| 220K | 235K 745
w AAA
0.001mg 0.00L MF 0.0iMF

Figure 6. Bleeder circuit for 6292 Photomultiplier Tube

The 6292 tube has stability over long periods of time due to the
materials, construction, and arrangement of the dynodes within. the tube.
Potentials as high as>190 volts per stage may be used -for maximum
;amplification and sensitivity, but for optimum performance and best
comprimise between signal?to~noise ratio and amplification, potentials
less than 125 ﬁolts per stage were used.

-The bleeder circuit was housed in an aluminum chassis box separate
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:from the preamplifier. The resistors had tolerances of + one per cent
~with the resistance between the plate and last dynede being wvariable.
This resistance -can be adjusted to correct any -secondary-emission effects
that might occur. Negative high voltage was applied -and the output is
a negative pulse which is developed at the plate (pin 11).

The preamplifier used was a Baird-Atomic Model 231 which uses a
stacked follower circuit. The preamplifier serves as an impedance
matching device between the photomultiplier and the non-overleading
amplifier and has a gain of almost one. The output .of the preamplifier
is then coupled to a Baird-Atomic Model.ZlS linear non-overloading
amplifier. The Model 215 is a linear pulse amplifier and capable of
fast ‘recovery after severe overload. It can amplify small pulses in
the presence of very lg%ge overload pulses. which makes it particularly
useful . for pulse height analysis of x rays in the presence of high
energy gamma. rays. The balance for low frequency components adjustment
was adjusted, with the aid of an oscilloscope, for optimum performance.
The overshoot was adjusted to less than one per cent to permit an
energy less than 10 keV to be measured. A precision pulser and the
60 cycle noise component was used to make these adjustments with the
oscilloscope (Tektronix Type 545A).

The single~channel pulse height analyzer is an instrumerit which
generates an output pulse if and only if an input pulse has an amplitude
falling between two preset voltages. Pulses of all other amplitudes
are discarded. The difference between these two boundry Voltéges is
called thé channel width or window. ‘The lower-level voltage is called
the base line and may be adjusted to any voltage between zero.and 100

volts, while the channel width is variable: from zero-to seven volts.
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The single~channel analyzer is designed for high-resolution pulse-
height analysis and uses ‘the gain of an expander amplifier to reduce
‘the drift in channel width to a neglible ameunt. The channel width
varied about 0.5 .per cent over the entire range and was checked by
using a .precision pulser. The input to the analyzer.can be any pulse
shape with a flat top of at least one microsecond. . The output is
negative and variable from O to 15 volts.

The decade scalar used in a Hamner (Type N-221) and is particularly
suited for fast counting. The instruﬁent has a dual low-level discrim-
inator and can resolve pulses separated by one microsecond. The input

is negative from -0.25 to.-5.0 volts,
.Experiﬁental Method

The internal conversion coefficient of the K-shell can be measuéed
by ‘using a scintillation spectrometer. An atom, which has lost a K-
electron due to the internal conversion process will emit K x rays.
.Thus with the scintillation spectrometer one can obtain a spectrum of
a source with peaks corresponding to the gamma-ray and the x ray.
Of course, the x ray must be of energy above the limit determined from
the overshoot setting of the linear amplifier. -That is the overshoot
was adjusted to less than one per cent to permit an .energy less than
110 keV to be measured. Using the following methods it is possible to
measure the relative intensity of the gamma .rays and that of the x ray
(33). Hence, the internal conversion coefficient of the K shell can
be determined.

The scintillation spectrometer used to determine the relative

intensity of the gamma .rays and that of the x ray consists of the
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components. previously -described in the section on-.apparatus.

block diagram is shown in Figure 7.

volts 100+

i
i
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multiplier amplifie - s analyze
amplifier

assembly - I I

Figure 7. Typical Signals of the Spectrometer

The spectrometer was checked thoroughly using a precision pulser
and an oscilloscope. Adjustments were made so as to-ha&e pulses of
the desired shape for the best performance of the system. The shapes
of these pulses can be seen in Figure 7. The output pulse of the
photomultiplier is developed near ground»potentiéi so-special precautions
were taken on grounding the system. The system was checked for erratic
counts (34) in the following way. Two counting rates were obtained‘by
taking two ten minute counts qf a source with a long half-life. Thé
deviation is <%L.+-_a and k = (;% - %i /g. Using this value of
k and the tables (34), the probability of obtaining this difference because
of statisticai fluctuations is about 0.5. So it is quite certain the
counter is not receiving erratic counts since a probability as low as
0.1 would also indicate that the counter was not receiving erratic counts.
The crystal and photomultiplier were both shielded. The crystal
was shiélded by approximately 2 inches of lead which~was in the: form of
a hollow cylinder and enclosed the entire crystal. This lowered the

counts due to the natural background. A ''Chi-squdred Test' was run
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to -evaluate the:probability that  the background. readings:follow the

-gaussian distribution (35). .The quantityvx? is-defined-as,

X =Z'———é——®f‘ "

. ol
.Thirty-five ten minute readings ef background.were taken-and a .value
‘of yx® was calculated to be 32.916. From the tables (36) a value. of
0.6 was obtained for the probability that the distribution»is gaussian.

. The spectrometer was calibrated using GCo®%° and- Cs*3” sources. The
_instrument was very mearly ‘linear at energies above 1 MeV, but the small
;energy peaks were slightly shifted towarq higher energies on the base
‘line (37). This small,non-lin%ar effect seemed to be characteristic
of the 6292 tube.

It was found that many things affect the.resolution of the
spectrometer, among these are: .crystal fluerescent efficiency, light
collection efficiency, photocathode efficiency and unifofmity, photo-
electron collection efficiency,,multiplicétion.effect (38), space charge
‘limitation, amplifier noise-and predifferentiator non-linearity, photo-
‘multiplier noise,;and.fatigue effects. . The effects that weré found to
be moest importnat and could be cerrected most. readily were spéce-charge
-limitation, amplifier noise aqd,predifferentiator non~linearity. The
:RC value -at the output of the photomultiplier was determined to give
‘a pulse which was of duration suitable to the amplifigr. It.was‘found
that staggering the resistances at the last three-dynodes and~plate~with
small capacitances added between these last three -dynedes improvedvthe
-resolution of the instrument. A variable resistance was added between
the last dynode and the-plate -which could be:.adjusted. for best resolution

and cut down any -secondary emission that might occur.
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After the spectrometer was adjusted for the best resolution that
could be obtained, spectra such. as that shown in Figure 13 could be
‘measured. For a source such as Cs137,‘where'only»onewgammawray is
emitted, the K-shell internal conversion coefficient is relatively easy
to determine. From a scintillation spectrum thisncan be dene by compar-
ing the gamma.and x ray intensities as follows: g =”Nx/NVWv =
'Sxey/SYewa,where Sy.and S, are the areas under the. gamma.and -X-ray
‘photopeaks in the scintillation spectrum. These areas can be:found by
using Simpson's rule for irregular areas. The value for wy » the
fluorescent yield. for the K-shell can be found in the tables (39). ¢4
and eY are the-efficiencies:for the x and gamma ray respectively.

The efficiency is defined as the rat%gn Nph/N , where Nphvis the

tota

number of pulses under the photopeak and N is the total number of

total
quanta of corresponding energy entering the crystal. The efficiency
depends very strongly on the energy and for low.energy‘the efficiency

~is practically 100 per cent. By using sources which were calibrated,

the efficieny could be determined from.a knowledge of the source distance
‘ andbdimensions of the crystal. The efficiency can also be found by a
method described by Lazar, Davis and Bell (40). Using this method, the
-peak efficiency,,ep of a scintillation spectrometer is defined as the
probability that a gamma ray of energy E will cause a pulse that will
.fall in the full-energy peak if it strikes the crystal. Thus, the
intensity of the gamma ray of energy E is related to the area under the
full-energy peak by the peak efficiency and- solid angle. Because of

the high .probability for multiple collisions in the crystal, it is

difficult teo calculatevep directly. However, it is relatively easy to

calculate ¢,, the total efficiency of the crystal for a gamma ray of
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energy E. Then €, can be determined by a.measurement of R, the ratio
of the area under the full~-energy peak to the area under the total

spectrum. The peak efficiency is then, € = Re,.

P
Evaluation .of R by experiment can easily ‘lead to an erroneous
result if considerable caution is not taken. The major difficulty, lies
in determining accurately the total spectrum of only a single incident
gamma ray. The low.energy portion of the spectrum is most likely to
be . in error due to noise and in correct location of the origin (zero

energy). In Figure 8 the full energy peak is represented by the

cross~hatched area and the total spectrum by the sum of the shaded

areas.

Count
Rate

Figure 8. Typical Areas under the Photo Peak
and the Total Spectrum.

The Monte -Carlo method (41) has been used to calculate the peak
.efficiencies. In this computation, the computer simulates the physical
processes which would take place in the crystal due to interactions of
an individual incident photon. The interactions are followed until
all the photon energy is lost in the crystal or a.photon escapes from

the crystal. The values obtained by these calculations are somewhat
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higher than those obtained from the methods previously described.

.The x ray:photo -peaks. are attenuated by.the .amount of -air. between
the source and the crystal and the backcap.of the crystal. . Weak sources
were used so that the source could be placed -on top of the crystal
doing away. with the attenuation by air, but corrections must be made for
the attenuation by the aluminum foil backcap. The mass attenuation
coefficient can be determined experimentally by using the x ray peak
and sheets of aluminum foil of the correct thickness. 8Since the thick--
ness of the aluminum foil backcap is known, the amount of attenuation
can easily be determined. The experimental value of the mass attenuation
coefficient was found to be less tﬂan the value given by the tables,
because a collimated beam was not used to obtain the experimental value;
however the uncollimated value fits our experimental situatien. The
X ray of low energy must be pulled away from the region of noise-and
dark current and this is»accémplished by increasing the gain of the
linear amplifier. In order to see how the area under the x ray peak
behaved after an increase in gain, the area under the 32. keV x ray
was determined at different settings of gain. Thus a correction of the
X ray peak area could be made if an increase in amplification.werevnec-
essary. The 32 keV x ray was well defined without an increase in ampli~
fier gain and could be separated from the background due to the:Compton
continua very easily. An indication of how the separation from the
background should be done was obtained by looking at the scintillation

181 yhich emits only X-rays (42). Using this indication

spectrum of Cs
-the X ray peak can be separated from the background with the needed

precision.

For the case of complex spectra such as that of Co®°, the complex
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gamma spectra can.be analyzed into components by successively subtract=-
ing the singLe.spectra due to the highest energy -gamma ray  (43). The
~analysis into:.the components was performed in the follewing way: The
Compton distributions were determined experimentally for Cs'37.and Nad®2.
These scintillation spectra were plotted on a scale such that, the
theoretical compton edges (computed from the‘energy of the'gamma ray)
coincide and the heights of the photopeaks become equal (Figure 9).
An unknown Compton continuum such as that for the 1.33 MeV gamma ray of
Co®® can be obtained withzaﬁrecision of about three per cent by graphi-
cal interpolation. This is easily done since the counting rates and
pulse heights argvplotted logarithmically and the photopeak can be
brought into the correct position by simply shifting the curve as a
whole.

After the complex spectra has been separated into single gamma
ray photopeaks and their associated spectra, the peak efficiency can
be found. by the method previously described. However, the peak effi-
ciency will be decreased since the two gamma rays are in cascade and
a third peak in the spectrum is possible (coincident sum peak) when
both gamma rays are completely absorbed (44) in the crystal. This
effect was found to be negligible in the case of Co®°. The K-shell
internal conversion coefficients can be deterﬁined just as the case of
one gamma ray previously described. - However, the x ray peak is now the
sum of the x ray peaks due to the internally converted gamma rays.
To determine the érea under each of the x ray peaks, a ratio of the

theoretical values of the K-shell internal conversion coefficients can

8o -
be ‘used. Thus, for Co gl.17  gl.l7.1.33 I.17
X _ 2y v K
; —T.83
gl.33  gl.83.1.17 1.8
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where a&°17 and ai’as are the mean possible theoretical values of
Table II.
TABLE II
- THEORETICAL VALUES OF o (10%)
Energy (meV) E 2% E 2° E 23 M 2% M 23
1.17 0.72 1.55 3.01 1.38 2.87
1.33 0.58 1.17 2.07 1.03 2.07

Since the area under the sum of the x ray peaks can be measured and
corrected for attenuation and an increase in amplifier gain, the K-shell

internal conversion coefficients can be found.
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PRESENTATION OF DATA AND EXPERIMENTAL RESULTS

The following .curves shown in Figures 10 through 16 were taken
with the photomultiplier tube voltage at 700 volts and a 0.75 volt
window on the single channel analyzer. These curves were corrected
for background counts and the error bars were computed using the
following relatiomns,

i
o= (c® +9)°
where ¢, and ¢, are the standard deviations of the count rate with
and without the sample. Since the background is small compared to
the actual count rate, it is reasonable to assume that ¢, is negli-
gible so that
o=g, = (n)%/t
where n is the number of counts and t is the time. So if n is the
number of counts counted in a time interval t, the counting rate r :is,
'r =n/t. This value with its standard deviation is,
. i
r+to, =r% (r/t)”

or in terms of per cent error we have
r & lQQZ; =r* lgg%
(rt)* (n)*
Therefore each point in the curves was determined by taking a
large number cf counts. The number of counts at the lower points :in
the curves was greater than 1100 so as to have the standard error
less than three per cent in any case. In most cases ten minute readings

were sufficient but some of the:lower points required longer counting times.

34
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The measurements for Cs*27

are shown in Figures 10 through 12.
The areas. under ‘these curves were determined by using Simpson's rule
for irregular areas and corrected for background and attenuation.

These values along with values from the tables which will be used to

determine the: K-shell internal conversion coefficient are listed in -

Table III.
TABLE III
VALUES USED TO DETERMINE @, FOR Cs'®”
S
Y Sy S, R
2.22 (10%) 6.16 (10%) 4.94 (10%) 0.452
Wy €y & &
0.876 0.97 0.534 (a) 0.242

(b) 0.258

The value of €, in Table III designated by (b) is the value
obtained by using the method described by Lazar, Davis and Bell and
the one designated by (a) was obtained from the source strength,
geometry and observed counting rate.

The data for the mass attenuation coefficient for photons in
aluminum using the 32 keV x ray are shown in Figure 12. This yielded

? per gram for the mass attenuation

the experimental value 0.93 cm

coefficieﬁt. This value is less than the value given in the tables

since a collimated beam was not used to determine the.experimental

value. The area of the x ray peak was corrected .using the experimental
137

value and the K-shell internal conversion coefficient for Cs was

found to. be 0.099 + 0.010.
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Figure 13 shows the scintillation spectrum of Co®°® which was
obtained using an amplifier gain of 2140. A resolution of 6.1 per
cent was obtained for the 1.33 MeV gamma ray photopeak and.a resolution
of 6.7 per cent for the 1.17 MeV gamma ray photopeaL. This resolution
was obtained by taking the width of the photopeak at half the maximum
counting rate for the position of the photopeak on the base line. The
1.33 MeV gamma ray photopeak and its associated features was subtra;ted
from the total spectrum as indicated in Figure 11. The treatment then
was essentially that for two single gamma ray spectra and yielded the
areas that are given in Table IV. The x ray photopeak shown in Figure 14
was obtained by using an amplifier gain of 6400. The area of this peak
is small and long counting times were used to have the needed accuracy
for the points of the peak and those of the surrounding background.
Figure 16 shows the relative position of the 32 keV x ray peak at the
same settings of the spectrometer for which the Ni®® x ray was obtained.
These positions indicate a slightly higher energy for both x rays and
seemed to be characteristic of the photomultiplier tube.

The Ni®° x ray was used to determine the mass attenuation coeffi~-
cient for photons in aluminum as shown in Figure 15. These measurements

? per gram for the mass attenua-

yielded an experimental value of 30.4 cm
tion coefficient. This experimental value is then used to correct the
area under the x ray. photopeak as given in Table IV. This value of
the area was also corrected for the increase in amplifier gain and

represents the sum of the areas of the x ray peaks due to both internally

converted gamma rays.
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TABLE 1V

VALUES USED TO DETEMINE ¢, FOR .Co®°

1,17 1,33 1,17

o s S, st
8.235 (10%) 6.79 (10%) 27 5.20 (10%)

1,383 1.17 1,33 1.17 : . .pl.33

S € I R R Wy

5.39 (10%*) 3.8 (107®) 2.8 (107%) 1.58 (107%) 1.26 (107®) 3.26 (107%)

Using the mean possible theoretical values of the internal con-

version coefficients from Table IIL and fhe relation,

S, = S§°l7 + Si°33 =27
we have,

Sy°'7 = 14.8 and s}°%% = 12.2.
Now using these values for the areas of the x ray peaks along with the
values of Table IV, the following values were determined for the K-shell
internal conversion coefficients,

1.1

2.08%0.18 (107%)

and

.
[
4]
{

= 1.55%¢0.14 (107%).
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DISCUSSION AND CONCLUSIONS

For a gamma ray of electric or magnetic multipole radiatien,
the following two selection rules must be obeyed in the gamma transi-
tion: (1) The photon which is emitted from a»2L electric or magnetic
multipole has angular momentum Lk with respect to the position of the
‘multipole. Thus, if I and I' are the angular momenta in ﬁnitStof'ﬁ'
of the initial and final stafes of the radiating system, then-L must
have the value 11 - I'l <L s[I + I'[with the lowest vaglue of L most
probable. (2) This selection rule governs the parity change between
initial and final states. Electric 2L-pole or magnetic 2L-pole¥radia-
tion occurs only between states of the same parity if L is even and
only between states of opposite parity if L is odd.

137 was found

The K-shell internal conversion coefficient for Cs
to be 0.099, which agrees with the theoretical value for magnefic
2%-pole radiation. Now it is known that the spins of the grouéd states
of Cs*2®7 and Ba'®” are 7/2 and 3/2, respectively, and that Csl"%7 decays

137

by beta . emission either to the ground state of Ba or to -an excited

state of Ba'®7, which then decays by single gamma ray emission .to the

ground state of Ba*®7.

This gamma ray is highly internally converted
(45, 46). It can be assumed that the ground state of Ba'37 has even
parity as predicted by the nuclear shell model (47) . Now from the work
of Langer and Moffat (48), AT =4+ 2 and there is a change in parity.

Since the gamma ray is magnetic 2%-pole radiation, the selection rule

obeyed in the gamma transition is]I - I'l < 4 < H + I'L The parity

45
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of the Ba'3”7 excited state must be odd and the spin I must satisfy the
condition]I "3/2l < 4 s]I + 3/2L ‘Thus, the spin I of the Ba*37 excited
state must be 11/2 as indicated in the decay scheme of Figure 17. An
-assignment of 9/2 to this state can be ruled out since this would permit
electric 2%-pole radiation and the internal conversion coefficient

would be much different from the experimental value.

_Csl-3’7

7/2 even

Ba137

11/2 odd
y M -2¢
3/2 even

Figure 17. Decay Scheme of Cs!®7

The K-shell internal conversion coefficients for. Co®° were found
to be af*'7 = 2.08 (10*) and o4*®3% = 1.55 (10*). These measurements
agree with those obtained by other methods given in Table I. The
values ‘indicate that both the gamma rays of Co®° are electric quadrupole
(2%-pole) radiations. This agrees with the angular correlation measure-
ment (49) and the polarization-direction correlation measurement (50)
which assigned the states of Ni®® involved in the decay of Co®*° as O,

2, and 4, respectively. Thus with the measurement of the internal
conversion coefficients for the two gamma rays, the type of radiation
is determined and the parities of the nuclear levels relative to each
other can be fixed. It can be assumed that the ground state for,CogO
has spin 5 and even parity since this is predicted by the nuclear

shell model and is not inconsistant with the results. From the ratio
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of the: two conversion coefficients .it is quite certain that the two
gamma rays have the saﬁe parity, for example, if one of them is.a
magnetic quadrupole having odd parity, the other cannot be-an electric
quadrupole having even parity but could be either magnetic quadrupole
or electric octupole.

- The selection rules for electric quadrupole radiation .are
11 - I'[ < 2.311 + I'[and no -parity change. -Comparison of the results
with the angular correlation and polarization measurements. fixes. the
spins and parities of the three Ni®°® nuclear levels.involved in the
decay of Co®° as 0, 2 and 4 with all three levels having even parity

as shown in Figure -20.

COSO
5 even
.Go
8 Ni
4 -even
1.17 E - 22
v
(MeV) ‘2 even
1.33 2
Me V) YE- 2, even

Figure 18. Decay Scheme of Co®°

At present, the scintillation spectrometer is not a high resolution
device. Little improvement in resolution has been made in the past
six years. If any .improvement is to be made in . this respect, the most
likely. source will be higher efficiencies in converting kinetic energy
of electrons to light in the crystal and in the conversion of light
back to electrons at the photocathode. Perhaps the answer to the
problem of resolution lies in a device called the crystal conduction
counter. In such a counter, following the interaction of thé incident

radiation with the crystal, an electric pulse is sensed directiy as at a
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boundary of the crystal; The energy transfers mentioned in the scin-
tiilation process are eliminated. The idea of the crystal.cdnduction
counter has been around for a number of years and the inherently
better energy resolution of this counter has never .been achieved in
practice. The experimental difficulties that have:prevented the
general application of this type of counter have been,reyiewed by

-Hofstadter (51).
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APPENDIX A

.EXPANSION OF THE RADIATION FIELD
IN .SPHERICAL HARMONICS

We can write the solution to the wave equation as ,
L]
@ (kv) = Kf (k) YO (6,9) (A.1)

L .
in which { (kr) = (kr) 2 Jiey (kr) , where J.is the bessel function

and \{:1(9,@) is the normalized spherical harmonic. Now ¢ satisfies

the equatioens

vl kgl =0 f” PR 0T W) = b e

It may be shown that the radiation potentials can be written as (52)

(Q\ -
( \‘7 (a.3)
(f""\ - ™M
AT = (Lt ] (P xw) (A.4)
5 (8) -3 J
A = [k"L(LHD o x(Pxv) @ (A.5)

in which the subscripts 1, m, e, on the A , refer to longitudinal,
.magnetic and electric radiations, respectively.

Using the unit vectors

~L N N a N -L /s , 2
\AA‘V:-?_Z(}.%-L%B) U, = k U, = ?.7'</~”~a)

such that all vectors may be written

v \/u z\/“

N
where W = \kr and \" = V* for a real vector, we may express the com~-

ponents of the Ay as

Y
(B ) L4y c\Lm +[—-L ]2(M+f’ - LP’\) M+
ALM‘. N [ } (M‘N.’ \ L4ty Pusy 2urd ) \ iy Pay (A.6)

RS

ééw+¢-r[Lm) M+
! Loty Pe-l (A.8)

LMG‘

(&) MAT, O'\LM MeC [’-*‘]
Aime = 1L+l Lt P4 2L
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with the notation
e (k) 2k T (ko) YT (o) @)
¥ (ke = KON Y 6, )
- v VU S & B
1 Eir eUT T RN+ 34+ ki

-k ) '35_ )

where l(kr’)=(‘<“’)23t_+\,,l (ky\’) , and My (\(Y‘) HH% (k'v),)
(1)

in which J is the bessel function and H the hankel function of the

first kind, the well known relation
Aex aek RS
_ei_.. = kw(4yre) 2 z(zu\)ffﬁ}i(kr‘) HH%_(kr\ P. (cos @)

where r is greater than r', X:\T-—Pw , ® is the angle between r and

r', and

may -be written

/ Lk% Lk‘ - 3
X ¢
LmM

Introducing the vectors B , which bear the same relationship to

YT as the A, to @T, it can be shown that (53) (p. 486)

ZBM ALY = EW ¢ Zu e

L™A
so that e ’
.eX ) = h TZLBLM A<}
Similarly,Q:ka et O
() =- ()Y atdrald

LML

The radiation potentials in the different gauges are easily obtained.

The equations of gauge transformation are

/ .
CP:‘-P’-%; A= A+ A (A.9)
where ) is a solution of the wave equation ¥ k dll -0
e
In the Heitler gauge div A' = ¢' = 0. -Since the sole condition on

: n =ikt
A .is that it satisfy the wave equation, .we may take Az m e
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ikt () -kt
so that Ci_&: LP:4 e y vAz Am € \
/ (w) ikt (¢ _-~kl
Az Am €’ , or AL € .

In this gauge, therefore, the expressions for ¢ .and A -are

f ™M A(Q» A(M\\ -: O) AEQ»} .

cpl_) LM o ) ™
The expressions for the scalar and vector potentials in the

conventional gauge -can be obtained. Take

Ne -l et

so -that the scalar potential is

~~kt
g i) o
\
d - Pl A Y ~ikt
an Tep= -]t Al et

The electric multipole vector potential is then obtained from the
equation of gauge transformation,
%)
e @ﬁ 2 pl
AL\ A &L+J ALM
The magnetic multlpole vector potential remains as
-}
('w«\ i
A Tl <r XV} ?
Hence ‘in the conventional gauge there are no longitudinal potentials,

and the electric multipcles have both scalar and vector potentials.



APPENDIX B
<EVALUATION OF INTEGRALS

The Heitler gauge is used in the following calculations in order

to simplify the evaluations as much as possible.

/ ¢
1. Evaluation of Uy, :,[;Iw{HEw H.wc 4 JewHuo
w-k=im w o+ W kY
. Time-~dependent perturbation theory tells us that the transition
-probility -per unit time is appreciable only if energy is conserved
between initial and final states (53). According to Schiff the second

term in the integrand cannot be-ignored. We can take it into account

by integrating the first term from ~o to +w instead of from 0 to +w.

& bu ‘o0
-Then u-}e - de Hew Hwo =21 eelz deo (8.1)
Yoo W-K-iy Y= _“w(w—k-i\q\

. . ’ ' n¥ '
X { f&w \\J:[«v- Al <kr>+£«?[““’(kr~):\+% X gm <1>:[=>< Ao erd- i @) (k@ @}

where the superscript (i) refers to the longitudinal, magnetic and
. ot . ML I MO M
electric ‘2 multipole, and CPL. Maos for i = m,e and CPL -;_:PL . The

of the bracketed terms may be written as

Lnag

AN L, AL (k7Y ods A (k) g (kr) o ALK )

LMK

(8.2)
S M= A Gy + RN )| e g,

Since the hamiltonians have the form,
(L . ; '
s o o o AL -4 0 e

Ly . L
H'=‘°<I' ?t_F’,w\/_ NI.A(L_),,\(R\*)-\-L ‘P:“ \*(kk’)
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we obtain o<+ A Gz (£) o vtk 2 (2o
z -ﬂ[ﬂﬁf‘(kr) H- " @f(kr)-)

and o A ey = (B € - W @]

The (B.2) reduces to f:{ffﬁ'}"ﬂ'éf'z ALM (kv-)x'/A< )
E M}Z? (k) ¢ (kr}%
e

=2nee jd'r dn! \f:f ¢I>4 ‘:f w<w T Ezﬂ (K‘“‘ Yo AM *(k\')

+LZ; [ —TJqf_ (kr) @™ (kr)}]% $..

Now, the dependence of q{ﬁ(kx) and Aihﬁkxﬁ on k is confined to the

-Hence

spherical bessel fuaction J_ (kx) which each contains. We will consider
the case where ¢ 1is greater than v and make substitution,
1R“ﬁ:H@Qdﬁ+'Heuxﬁ. The integral is to be evaluated for conservation

of energy, that is, W =E = k = . -Then,. from the location of the pole,
it is clear that only the Hfl)(kr) part of J  (kr) will contribute to
the integral. Therefore,

K, i
e e [T

D <W> ‘P”"wv’)}‘ﬂ & (5.3)

[
where ‘the B , differs from the A y only in the replacement of J_ by

HL(1> .

Now in general, the radiation field does not contain all the multi-
poles. The selection rules usually restrict the radiation field to a
given multipole, say the 2Lwth, of a particular type (1, e or m).

In this case (B.1l) reduced to

M;o =Emes f‘;(m k=i) f"‘\NWf [ ' Auw(kr‘ﬂ';“‘f’LM(K\")] Yo
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where it is to be remembered that qﬂ = 0 for electric and magnetic

radiation Carrying out the integration over w, (B.4) becomes

('Z.T\' ee & {fd""ﬂ. = By (wr) + &Y (wr)] }
\(iﬁ’fé (w‘**)'w‘l’L 4‘*"’{}@(}

‘returning to (B.3) we note that from Appendix A,

A WX
z M Miap) =[-8\ S .
[y \H_ “n <PL (or) = (2-‘“7';\ %

- .B::, TLEE Af_ﬂ*(w*’) = (wr) Al & W (or) e’

eryd * ¥ WA} S /
o[22 2\ [ ) ()
S 2mti)\ X YETON *

Substitution of these results into (B.3) gives
LWX
u%-.-ee'ﬁwﬁﬁ"?f%*(\—“'“') (e )ky"'(h'

The same result is obtained for Ufo when r is. less than r'.

and

/ ’
2. Evaluation of fdw How Hwo . How Hese
W=k =AM W+ Wy =AM
following the same procedure as above, the integral reduces to

f‘:b ch Ir *, w '] iHo@
J_ (ka+w

W- kw] o (- k)+517-
.The first integral eon the right represents the principal value part
of the original integral and is usually neglected. In the second
integral, ‘HmJlis a slowly varying function of w. For small 1), the
denominator has a sharp minimum for @ = k, so that the integrand has
a sharp maximum. We may therefore take\Howroutside the integral .sign

) %
to replace it by its value at w = k, kHeJ . Hence,

] oo
M . .
| o el = ) os Bt A lnad®= 4y,

Tl (2 | gAY o i e8|

'3, _Evaluation of I&EL(E Ken v\;} de[QE k=AY

In the manner as above we have,

JJE m : A~ TE Hwk jAE [ﬁ: AT Hwk
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4. ~Evaluation of fc‘w{:'—\%—w—“ﬁk— + M‘;’E‘]
. N-k-&'yl w+w,-m\'l

Comparison of this integral with that denoted by U,  and using Appendix

A, we have that this integral is U , = U¥F .
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