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CHAPTER I

INTRCDUCTION

Statement of the Present Research

As a preliminary step in the present research, a search for new
short period nuclear isomers was made using the scintillation spectrom-
eter constructed by Campbell and Goodrich,l Neutron induced gamma rays
with half-lives of the order of a second have been detected and their
energies measured. An unreported activity has been found in each of the
three following elements: palladium, indium, and ytterbium.

In order to observe x-rays and low energy gamma rays (less than
75 kev) a propartional counter was added to the apparatus. For low
energy radlation a proportional counter is more agcurate than a scintil-
lation counter, but the upper energy limit for measuring gamms radiation
with a proportional counter is smaller by a factor of nearly 100 com-
pared to that obtainable with a scintillation counter.

FPifteen short period neutron induced gamma activities believed to
be nuclear isomers are discussed herein. Although decay schemes were not
investigated in most cases, it was discovered that 1in the case of the 3.5
minute antimony isomer a double transition exists rather than a single
gamma ray as previously reported.

Partial internal conversion coefficients have been calculated in

1
E. C. Campbell and M. Goodrich, Phys. Rev. 78, 640 (1950).
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four cases by comparing the number of characteristic x-rays with the num-
ber of gamme rays emitted by the radioactive isotope. This method of de-
termining the internal conversion coefficient is only applicable in cases
where the decay scheme is known.

X-rays from three radioactive elements have been positively ldenti-
fied either by the critical absorption method or by comparison with known
fluorescent x~rays. The fluoresgcent yleld for krypton and xenon has been

measured.

Theory of Nuclear Isomerism

According to present ideas of nuclear structure; the nucleus is
constituted of protons and neutrons. A system of Z protons and N neutrons
will, if it is stable at all, be able to exist in one or more stationary
gstates. If the gystem 1s in an excited state;, there is a certain proba-
bility for the transition to the ground atate by the emisaion of one or
more geamma rays. The half-life of an excited level is as & rule less than
10712 gec. Sometimes it oceurs s however, that the half-life is of much
greater length. In such a case a metastable state ig said to exist, and
the metastable state and the ground state are called isomeric nuclel.

The limit between metagtable states and o:_rdinary excited states is not a
well-defined one; however, for practical purposes it is convenient to
gpeak of igsomers only in the case in which the half-life is long enough to
allow a direct observation. Thus the half-lives of metsstable states may
range from lO-lo sec to several months.

Nuclear isomerism was not much studied until the discovery of arti-

ficial radioactivity. The first investigations of neutron induced
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radicectivity by Fermi and oth.rla resulted im the observation of several
activities which have later turned out to be cases of nuclear isomerism.
Some of these will be discussed in detail later.

One of the first theoretical discussions on nuclear isomerism was
given by von We:i,zséicker’e3 He pointed out that nuclear isomerism might be
explained by the agsumption that there is a large difference of spin be-
tween the metastabh state and the ground state.

Von Weizsdcker gave the formula

22 2L
L) g 2o D (ER) : (1)
,nae Hic

where P(L) means the probability per unit time of a transition between
two nuclear gtates by the emission of gamma radiation of electric multi-
pole order 21' E is the energy difference between the two states and L
the magnitude of the vector spin difference. The other symbols have their
usual meanings. This formula gives, when reasonable values of energy and
gpin difference are inserted, half-lives of gufficient length to make
nuclear isomerism possible.

The transition between two energy atatgs of & nucleus does not
necessarily consist in the emission of a gamme ray. As the outer elect-
rons, especially those of the K and L shells, constitute a perturbation

of the nucleus; energy may be transferred directly from the nucleus to an

2E. Fermi, E. Amaldi, O. D'Agostino, F. Rasetti, and E. Segre,

Proc. Roy. Soc. Alk6, 483 (1934)5 and E. Amaldi, 0. D'Agostino, E. Fermi,
B. Pontecorvo, F. Rasetti and E. Segreé, Proc. Roy. Soc. All&g, 522 (1935).

3¢. F. von Weizsacker, Naturwiss. 24, 813 (1936).



outer electron which is liberated from the atom. This process is known
as internal conversion. When this phenomenon was observed in the dis-

integration of radium, it was first considered as a consequence of the

primery beta rays that were emitted.

The relation between these energetically homogeneous electron
groups (conversion electrons) and the accompanying gamma rays was pointed
out by El.lis.h He suggested that the energies of the homogeneous groups
of electrons emitted by natural radiocactive elements are equal to the en-
ergy characterigtic only of a particular gamms ray minus the energy nec-
essary to remove the electron from the atom. This he verified by measur-
ing the energy of the line spectra produced when various elements were
irradiated by given gamma rays. To the measured energy of each
homogeneous electron group was added the K absorption energy (which had
been obtained from x-ray data) of the element from which it came, and
within the limits of experimental error the same energy for a given gamma
ray was obtained from each element.

In many nuclear reactions and radioactive transformations the
product nucleus is left in an excited state. In making an isomeric trans-
ition (that is, a transition of a metastable state to a lower energy
state of the seme nucleus), & nucleus may give energy either to a gamma
ray or to an extra-nuclear electron by the intermal conversion process.
The title "intermal conversion" suggesting as it does that a gamma ray is
first emitted and then absorbed by an extra-nuclear electron, is rather

misleading, in view of the modern theory according to which the emission

k. . Ellis, Proc. Roy. Soc. A99, 261 (1921).
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of a conversion electron is due to a direct interaction between the nuc-
leus and the electron ejected. Experimentally, it is not poggible to dis-
tinguish the two step process in which (1) a photon is emitted, and (2)
this photon is absorbed by a bound electron, from the case in which the
electron perturbs the nucleus and induces a transition to a lower energy
state with the transition energy being transferred to the electron.

Regardlegs of how one views the mechanical details of the conver-
sion procesas, the transition energy is equal to the energy of the gamma
ray, which in twrn is equal to the energy of the conversion electron plus
the binding energy of this electron in its atomic level. As a result
there may be several conversion electrons characteristic of any single
gammg ray depending in which level the conversion electron originates.

The internal conversion of a gamma ray leaves the atom ionized in
an inner electron shell. When this shell fills, the atom emits character-
lstic x-ray lines. Sometimes, however, instead of the emission of an
X-ray quantum an Auger electron may be ejected. This will be discussed
in more detail later. The identification of the characteristic x-rays
emitted following internal conversion makes it possible to assign the gam-
ma ray trangition to a definite element.

The ratio between the number of K electrons ejected by intermal
conversion and the number of ganima quants emitted is called the partial

internal conversion coefficient for the K shell,* or symbolically

N
oK = (2)
4

Similer definitions hold for the.othar ghells. The ratio between the

*
Thig exceeds the older definition by a factor 1 +&.



6

total number of electrons ejected and the number of gamma quanta emitted
is gimply celled the internmal conversion coefficient. The internal con-

vergsion coefficient ig thus the baum of the partial conversion coeffic-
ients, or symbolically

Vo

ma_‘m’ﬁc"“lH"L:II+a"111:+0"‘1+mgIq e

7

in which N, is the total number of conversion electrons emitted.

The mean life for gamua emission depends chiefly upon (1) the dif-
ference in energy between the two levels, (2) the value of the nuclear
angular momentum in the initial and final states, and (3) the parity
change. Comservation of relativistic total energy and of total angular
momentum applies to the system nucleus plus the photon. It is clear that
(1) above determines the photon energy, and (2) gives the possible values
of angular momentum which are carried away by the photon (i.e.

lI’ -I‘ **°* I' + I vhere 1' and I are the angular momentum of the in-
itial and final states in A units). The angular momentum of the photon
is equal to the vector change in the nuclear angular momentum.

The vector spin change A_f for a gamma transition canmot be zero

because the intrinsic spin of a photon is at least one. For , A? ’ =1,

the mean life is practically always < 10_12 gecondsg; within the resolv-
ing time of presemnt-day detectors, gamma emission takes place "immedi-

ately” after the nucleus is formed in its excited state.
Gamma smisplion processes are clasgified according to their multi-

pole order. These classifications are assigned according to the vector
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change in the nuclear angular momentum, and to the change in parity that
the nucleus experiences during the trensition. For example if a nucleus
has an excited state with angular momentum I°' and a fundamental state with
angular momentum I, the radiation of the lowest order, that is, the most
probable one will be an electric or magnetic multipole of order 2L where
L= \I' -1 \. If L = 1, the multipole order is 2, and the transition is
called dipole. The parity change for the nucleus determines the nature
of the multipole transition. The parity of a quantum state is odd (-) or
even (+) according to whether a reversal of the sign of all coordinates
exclusive of spin does or does not reverse the sign of the weve fungtion
describing the state. If a nucleus has an excited and fundamental state
that are both odd or both even; then the transition between them involves
only electric multipoles of even order and magnetic multipoles of odd
order. If the two states are of opposite parity (one being even and one
odd) electric multipoles of odd order and magnetic multipoles of even
order can alone contribute to the transition. The lowest allowed multi-
poles of the two types are summarized in Table I.

Weissknpf5 calculated the following expressions for the multipole

radiation probabilities for electric and magnetic radiation of order L

reaspectively.
2L+1
Py(L) = .4 (141) _ [11957} 3L 3 1021 gec-t (1)
1[1-3-5-(2141)]
o (21500 22
L[103e5.(21,,.1)]2 197

5Privately circulated notes to appear as part of a book on nuclear
physics.
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TABLE I
SELECTION RULES FOR MULTIPOLE RADIATION

L EVEN L ODD
PARITY OF STATES EQUAL | ELECTRIC 2t pPoLE | ELECTRIC 21! POLE
(+,+ OR —, —) maeNeTic 2= PoLE | MaGNETIC 28 POLE

PARITY OF STATES OPPOSITE | ELECTRIC 2L+' POLE | ELECTRIGC 2L POLE

L
(+,— OR —, +) MAGNETIC 2  POLE | MAGNETIC ZLH POLE




in which E ig the transition energy in Mev, and R is the nuclear radius

in units of 10713

cm. Because of the lack of knowledge about the interi-
or of the nucleus this formula is claimed to be valid only to within a
factor ~ loiz.

Table II shows the estimated half-lives given by these formulas
for various fictitious gamms radiations from & nucleus having R = 1.5 x
(100)1/3 x 10713 cm. (i.e. A = 100). These results apply only to a bare
nucleus, and do not include the extra transitions induced by the perturba-
tions of the orbital electron cloud.

Neither L nor the parity change is directly observable from gamms
radiation. As a result, a direct exemination of the gamme rays from a
radioactive sample will not disclose the nature of the transition that
gave rise to them. However, a knowledge of the half-life and energy, the
internal conversion coefficient, and angular correlation between succes-
sive gamma reys gives information regarding the order and the type of the
radiation. |

If conversion electrons are emitted when a nucleus goes from an
excited state to a lower state, the observed lifetime will be less than
the estimated lifetime for gama emission. According to Taylor and Mott®
the actual decay constant is given to a very good approximation by the
sum of the decay constant for the gamma radiation with a bare nucleus and

the decay constant corresponding to the transition probability induced by

the electrons. Thus the half-life of an excited state, T ; is given by

6H. M. Taylor and N. F. Mott, Proc. Roy. Soc. Alk2, 215 (1933).



UNCLASSIFIED
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APPROXIMATE EXPECTED HALF-LIVES FOR
GAMMA EMISSION FOR ELEMENT WITH A=I00

ot

Ey (MEV) | TYPE | L-| L-2 L=3 L= 4 L=5
10 -5 7 6 55

oo | EEEC|107sEC. |10 sec. |10 sec. |10°sEe. | 107 sEc.

| MAG. | 167 sec. | 10" sec. | 10° sec. | 10 sEc. | 1P8 sEG.
oo | ELEC 10° sec. | 10%°sec. | 1 sec. | 10”7 sec.| 10? sEG.

' MAG. | 100sEc. | 1039 sec. | 10% sec. | 109sEc. | 10!7 sEG.
o ELeC. | 10° sec. | 189 sec. | 167 sec. | 102 sEc. | 103 sEG.
MAG. | 10" sec. | 168%9sec. |16% sec. | 10 sEc. | 10° sEG.




T = 0.69 = 0.69 (6)
PE,M + Py PE,M (1 +a)

in which Pg,y may be obtained from equation (%) or (5), and a is the in-

ternal conversion coefficient.

Internal Conversion

The mechanism by which a K or L electron is emitted in a nuclear

transition has been described by Taylor and Mott. '

The nucleus consists
of a quantum-mechanicael system carrying a charge, which possesses a series
of stationary states, and it is in an execlited state when gamma rays are
about to be emitted. An .electron in the extermal atomic system can thus
intera.ct with the electromagnetic field of the nucleus. As a first ap-
proximation in which the retardation' is neglected; the energy of interac-

tion of the electron and the nucleus is given by

@= S‘j (ON Pe—’(\ivndve (7)

—
l7N T e

in which "y?, and 7; are respectively the position vectors of a nuclear

particle and the electron from the center of gravity of the nucleus, and

>

PN and {oe are the corresponding charge densities. If l ;: 5

-
Ty

which will always be true if the contribution from the region inside the

nucleus is neglected, one may make the Taylor expansion

T8, M. Taylor and N. F. Mott, Proc. Roy. Soc. A138, 665 (1932).
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@»_i I&H ‘o‘.dedve < . /ON Pedvldve
o> /2 7> - Y2 \1/2
(72.270 7l)/ 7e<l-...._—-——_-27° 7‘)/
2
7
e
? ‘? terms of
=1} G e e 7t # === * higher order (6)
y _ ;
[

*
Since /ON =7¥ o 'Ll/'m with %H and Wiﬂ orthogonal, it is clear that
the first term givee no transitions and that the second term is of the

form

_9
5
q)e =0y | WY, Wie B , (9)

" e

-
where Dy = {ON ?Nav is the.digole moment of the nuclear charge distri-

Dy

bution. The guantity —--—-3—-——- is just the static potential for a di-
7e
pole of moment D-)N situated at the origin.

In the same way it can be shown that the third term will be of the

order n in vhich Q. = AS'JV (O 7N aVy is related to the quadrupole
3
i7 ) ave

moment of the nuclear charge distribution. In general the succeeding terms
vill depend on the various nuclear 2L pole moments, and the transition
probability of the electrons from state Y.Vie’to state er will vary
roughly as ’ @ l 2°

The internal conversion coefficients can be accurately calculated
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for any apociﬁe}i 'ﬁmltipole order for either electric or magnetic radia-
tion. The calculations are in general exceedingly complicated a.nd are
beyond the ssope of this dissertation. Rose gand his co-workerag have

;'m‘ade e;tensive calculations of the K conversion coeffi‘cients for electric
and magnetic multipole radiation in the relativistic case with the un-
screened coulomb field acting on the elesctron. Gellman, Griffith and

10

Stanley™ have made similar calculations for the L; ghell for electric

dipole, electric quadrupole and magnetic dipole radiation

Detection of Gamma Rays

Gamma rays originate in the excited nuclei of atoms and they
represent the energy difference between an excited state and a lower en-
ergy state which may or may not be the ground level of the nucleus.
™at is, between the initiel and the ground states there may exist sev-
eral pogsible energy levels. A brief survey of the several ways in

which the energy of a gamma ray may be experimentally measured follows.

9!!. E. Rose; G. H. Goertzel, B. I. Spinrad, J. Harr and P. Strong, -
Phys. Rev. 83, 79 (1951).

107, Gellman, B. A. Griffith and J. P. Stanley, Phys. Rev. 80, 866
(1950).
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Crystal Reflection Method

Since gamma radiation consists of electromesgnetic waves, physical-
1y identical in nature to very penetrating x-rays, the wave length of
gamma radiation can be determined by the same technique used in evaluating
the wave lengths of x-rays. It was shown by Bragg that x-rays of wave
length A incident on a crystal at a grazing angle 9 would be reflected

if the equation

n \=2d 8in@ (n = 1,2,3 ++-- )

were satisfied, where 4 is the lattice distance of the crystal. An in-
tensely radiocactive source 1s required since the crystal subtends only a
small solid angle at the source and since the intensity of the reflected
beam is only a small fraction of the intensity of the incident beam.
Crystal reflection measurements of gamma ray energies yield greater accur-
acy than any other method. The renge of applicability of the instrument
is limited by two difficul‘c.ieso For energetic gammsa radistion the wave
length A becomes so small that no satigfactory crystal lattigce is known
capable of satisfying the Bragg law with a reflecting angly © large enough
to be accurately determined; and furthermore, the reflecting power of the
erystel planes diminishes with diminishing vave length ) about as 22,
thus causing a repid loss in intemnsity at high energies. Lind; Brown and
1 _

DuMond™ have recently measured gamma rays with energies above 1 Mev by

this method.

Abgorption Method

Gamme. ray energies are frequently measured by their absorption in

(15k5) 1lp, A. Lind, J. R. Brown and J. W. DuMond, Phys. Rev. 76, 1838
1949) .
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various materials such as lead, tin, copper, aluminum, etc. This method
is reliable if only one or two gamms rays are present and if the two gamma
rays are of energies not too cloge to each other. The energy of the gamma
ray is obtained by comparing its absorption with that of gamma rays of
known energy in the same absorbing material. In practice, standard
¢:u:"v¢.-.xs'1’3“2 are used relating energy to the thickness of absorber required to
reduce the intemnsity of the radietion incident on the absorber by a given

amount. This method has am accuracy ~ 10 per cent.

Segondary Electron Method

Another progedure for determining the energy of a gamma ray is by
measurement of the energy of secondary electrons produced by the interac-
tion of the gamme ray with matter. These electr:ons may be either Compton
recoil electroms, photoelectroms, or pair production electrons.

Photoelectrons are ejected mainly from the K shell provided that
the energy of the incident gamma ray is sufficient to ionize the K level
of the target atom. This produces a homogeneous group of electrons with
energy equal to that of the incident gamme ray minus the atomic binding
energy of the photoelectrons.

A non-homogeneous group of electrons will be created by Compton

scattering and pair production. Compton electrons scattered in the direc-

-
l+ 20

times the incident gamms ray energy, where ¢ is the incident gamma ray en-

tion of the incident gemma ray will have an energy equal to

ergy in units of mgo A "back scattered" gamma ray will carry away the

121. E. Glendenin, Nucleonics 2, No. 1, 12 (1948).
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remaining energy. The forward scattered electrons will have more kinetic
energy than thoge scattered in any other dirsction.

Pair production arigses as the result of the "materialization” of a
geamme ray. A high energy gamma ray in the vicinity of a nucleus may cre-
ate an electron-pogitron pair. In this process both the electron and pos--
itron take up a minimum of 1 mc2 or 0.51 Mev each from the incident gamms
ray because of their rest mass. Any additional energy possessed by the
gamma ray over and above 1.02 Mev, which is the minimum required for pair
creation, goes into imparting kinetic energy to the pair.

The energies of the secondary electrons produced in the above men-
tioned processes may be determined by absorption in aluminum or beryllium,
by deflection of the electrons in electric and/or magnetic fields, from

path lengths in a cloud chamber, or from the amount of fluorescence pro-

duced in certain crystals by the electrons.

Internal Conversion Electron Method

This method uses the same technique as that discussed above for the
Photoelectric process except that the internal conversion electrons emitted
in the same nuclear transitions that produce the gamma rays are measured,
vhereas the photoelectrons are ejected by gamma rays striking a thin
target of secondary material. The ratio of the number of K conversion
electrons ejected to the number of 1L electrons ejected for a given nuclear
transition is not as simply predicted as the ratio of K to L photoelectrons
ejected from a secondary material by gamms rays resulting from the given
nuclear transition. The K to L ratio for conversion electrons depends on
the multipole order and the energy of the gamms transition giving rise to

them. The relative intensities of two given gamma rays will ususlly be



17
quite different from the intensities of the conversion electrons arising
from them, and it is only in cases where the internmal conversion coeffic-
ients are known that reliable information about the relative intensities

of gamma rays can be obtained from their accompanying conversion electrons.

Proportional and Scintillatiom Counter Method ,
This method has been used to obtain all the energy measurements

presented in this dissertation. The method will be described in detail in
the next chapter. In general it is less laborious and is less time con-
suming then the previously discussed methods, and generally the experi-

mental set-up is less intricate.
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CHAPTER II

APPARATUS

Proportional Counters

A study of electromagnetic radiation with proportional counters has
been undertaken. A proportional counter generally consists of an axial
vire (a few mils in diameter) in a glass and/or metal cylinder (a few cen-
timeters in diameter). A large variety of gases can be used and at
Pregsures ranging from a few mm Hg to many atmospheres in filling the
cylinders. -A proportional counter will provide an output voltage pulse
which is proporﬁional to the number of primary ions produced within the
counter by the ionizing particle.

A study of the mechanism of proportional counters has been made by
various authors ,l and only a brief description will be presented here.
Suppose an ionizing particle produces N primary ion pairs (electron and
positive ions). The electrons will be impelled toward the center wire by
the low electrostatic field (E, oC 1/r) which exists throughout most of
the counter volume until they reach the immediate vicinity of the wire. 1In
the very high field near the wire the electrons will gain sufficient en-
ergy from the field in one free path to ionize a gas atom. As soon as the
ionization by collision starts, two electrons are in evidence -- the orig-

inal one plus that liberated in the collision. These two electrons proceed

10. G. Montgomery and D. D. Montgamery, Phys. Rev. 57, 1030 (1940);

M. E. Rose and S. A. EKorff, Phys. Rev. 22? 850 (1941); and S. A. Korff and
R. D. Present, Phys. Rev. 65, 27k (1944).)
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toward the wire, making further collisions. Since the field increases to-
ward the wire, if any ene collision is ionizing, all subsequent collisions
are likely to produce ionization. Since two electrons are available after
each collision tﬁere will be progressively more electrons produced as the
initial one travels toward the wire, and an avalanche of electrons is said
to have been formed.

According to the discharge mechanism stated above, & change in po-
tential of the center wire will be produced by the inductive action of the
positive ions ag they cross the counter. The change in voltage may be cal-
culated as follows. Let Q be the charge per unit length on the counter
vire, and assume that there is a space charge sheath, of negligible thick-
ness and of charge q per unit length, of positive ions at a distance r
from the axis of the counter wire, extending for a length L along the
counter. the wire pontential, V, will be given by

re r

v=‘r 2(Q + g)ar + 29dr = Q+ 29 lnry/r (10)

r r Ty T c
vhere r, and r, are the radii of the counter cathode and wire, respec-
tively, and ¢ = (2 1n ::'c/rw)'1 is the capacity per unit length of the
counter. ILet C; be the capacity of that portion of the wire not sur-
rounded by the positive ion gheath, together with the other bodies at-
tached to the wire, and let Ql be the total charge on them, from which
1t followe that V = Q;/C;. After the electrons which were formed in the
counter have been collected (the mobility of electrons is much greater
than that of poaitive ions, and it is assumed that all the electrons are
collected on the wire before the positive ions have moved apprecisbly),

the following relation exigts between the charges.
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QL +Q; = V(L + C1) - qL (11)

Substituting the value of Q and Q) given above into equation 10 gives

av = V -V = 2 1Inr (12)
1+ Cch

where AV is the change in potential of thg center wire which was initially
at a potential V,. Since cL + C; = C is the capacity of the central wire
and those portions of the detecting circuit connected electrically to it,

OV may be expressed as follows.

av = gL Enrgrx] = ANe E.nr[rx (13)
Cllnry/ry] - € |[Imr./r,

where A is the gas amplification and equals the total number of avalanche
electrons resching the center wire for each initial ion pair produced, and
e is the charge of the electron. When all the positive ions have been col-
lected (i.e., r = rc) the output pulse from the counter will be equal to
ANe/C. The time required for the output pulse to reach maximum is ~ 1073 sec.

In order that the proportional counter will have & more rapid dis-
charge rate, the output pulse is generally differentiated by & RC circuit
with a time constant that is short compared to the collection time of the
positive ions. This leads to a reduction in signal amplitude, but it is
not a serious handicap since the gas amplification can be made quite
large (ﬁvlos).

The gas amplification A depends on the wire radius, the capacitance
of the system, the counter voltage, the pressure of the gas, and the kind

of gas. Because the gas amplification is an exponential function of the



21
voltage, the high voltage must be kept constant in order to prevent any
change in the gain occurring while measurements are being made with the
counter. There is an inherent fluctuation in the size of output pulse due
to the statistical nature of both the number of primary lon pairs produced
and the gas amplification, but this variation is not large enough to im-
pair the instrument’s utility as an energy measuring device.

Rose and Korff2 recommend the addition of & polyatomic constituent
in order to stabilize the gas amplification. The effect of the polyatomic
molecule is to suppress the liberation of electrons at the cathode by
wltra-violet photons and by positive ion bombardment.

The low field region at either end of the counter must be kept at
least one counter diameter away from the counting volume to prevent part-
icles from entering this region. The dimensions of the counter must be
large compared to the maximum path length of the ionizing particle in the
gensitive volume. If an appreciable fraction of the primary electrons
produced by the gamma ray dissipate only a portion of their total energy
within the counter, the spectrum is distorted because such electrons would
be recorded as having lower energy. Thus higher energy events make a
larger counter necessary and this requirement limits the useful operating
range of proportional counters. It is also essentlal that the counters
have s meximum abgorption of the incident radiation in the gas and a min-
imum absorption in the wall, since the photoelectrons released in the wall

material will emerge with greatly reduced energies.

%M. E. Rose and S. Korff, Phys. Rev. 59, 850 (1941).



Sodium Iodide Crystal Detectors

Scintillation spectrometers can provide energy measurements over &
much wider range than proportional counters and are also more sensitive,
but at the present time they do not have as good resolution as proportion-
al counters at the same energy.

Garme, rays interact with mattef by the three well-known processes
of Compton effect, photoelectric effect, and pair production. In the case
of a Nal crystal with & small thallium impurity (about 0.05 per cent by
weight), the photoelectric process is the predominant one for gamms rays
having energy below 500 kev. A gemma ray detected by the crystal loses
its energy in exciting and ionizing the molecules of the crystal. These
molecules then radiate energy in the form of liéht which is the phenomenon
upon which the -operation of a scintillation counter depends.

A scintillation counter was built using a 1.5 inch diameter and 1
inch thick Nal crystael. The crystal was placed in a light tight 10 mil
thick aluminum can and sealed with mineral oil 1';0 a lucite light piper.
The light piper was fastened to a RCA-5819 photomultiplier tube with Canads
balsam.

The photomultiplier congists of a photocathode, which converts s
fraction of the photons falling on it into electrons, followed by a series
of dynodes; each at a higher potential than the preceding one. Electrons
photoelectrically emitted from the cathode are drawn to the first dynode;
with a secondary emission ratio greater than unity, secondary electrons
are emitted which, in twrn, give rise to an amplified current at the
next dynode. By the time the electron stream has reached the anode, the

original photocurrent is amplified R® fold, where R is the secondary
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electron emission ratio, and n is the numbér of dynodes. For the case of
a RGA_—58.19 tube which has 10 dynodes, an amplification factor of a milliomm
would not be difficult to obtain. Actually the number of secondary elec-
trons produced at each dynode will vary in a statistical manner, so that
the pulses are not all the same height. Morton and Mitchell3 have shown
that the spread 1;1 pulsee due to this statistical fluctuation is small com-
pared to the spread in the original number of photoelectrons.

The size of the output pulse from a Nal counter is very closely
proportional to the incident gamma ray energy over a wide range of ener-

h
gles according to Bell.

Electronic Equipment

The output pulses from the detectors which were described earlier
are transmitted to a Model Al linear preamplifier (type B) and a.mplifier5
through a coaxial cable. After being suitably emplified, the pulses are
then applied to the vertical plates of a DuMont type 248A cathode ray
oscilloscope. Simultaneously a constant voltage pulse from the Al ampli-
fier initiates the osciiloscope gweep circuit; so that all observed pulses
begin from the same spot on the oscilloscope screen. The sweep duration
is set for appro:simately 5 microsecopds. In order to obtain permanent

records and to make better analysis of radiation speetra, time exposure

3¢. A. Morton and J. A. Mitchell, Nucleonics 4, No. 1, 16 (1949).

th R. Bell, Secience 112, 7 (1950).

. H. Jordan and P. R. Bell, Rev. Sei. Inst. 18, 703 (1947).
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photqgraphs with a 35 mm DuMont Oscillograph Kecord Camera were taken of
the spectra as displayed on the oscmogcope screen. A type Pll acfeen
vas a?lected for the oscilloscope tube ‘due to 'its short persistence and
| .i’cs good photogrephic qualities.

All photographs were made uging Ansco Supreme film and developed in
Eodak D-19 developer for seven minutes at 20°C. The films were scanned
~ with a recording microphotometer built 'by: In;,o Max Goodrich. This traps-
posed the photographic data into guantitative form. .‘

The output from the Al emplifier was also connected to an Atamic
Instrument Company model 101-A scaler to vhich-& register could be con-
nected in order to measure the counting rate. For canvegiencé » hovever, a
logarithmic count rate meter and a recording potentiocmeter were connected
to the scaler output. This made it poaaibie to obtain a decay curve of
the radiomctive nuclei being exanined.; A block diagram of the entire cir-
cult ig shown in Fig. 1.

Preparation of Samples

All the radiocactive muclei were produced by neutron irradiation
within the Oak Ridge pile through the use of the fast pneumatic tube facil-
ities designed by Dr. Edward C. Campbell. A small sample of the order of
25 mg/em® of the material to.be investigated (usually an oxide or powdered
metal) is stuck between two Scotch cellophane tape disks 9/16 inch in di-
ameter. The sample is fastened in a nylon "rabbit” prior to its trip into
the pile. The nylon "rabbit" is essentially a small block of nylon
(1.125 x 0.835 x 0.330 inches) with a cylindrical hole, whoge axig is
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parallel to the small dimension, into which the sample is inserted. The
"rabbit" runs through an aluminum tube (1 x 1/2 inch) powered by com-
pressed carbon dioxide when going back and forth into the pile. The one-
way trip takes less than 1/3 second. The sample usually remsins in the
Pile between one second and one minute depending upon its cross-section
and half-life. Upon withdrawal from the pile the "rabbit" is stopped in
a lucite section of tubing which is transparent to gamma radiation, and
by having the detector placed near the stopping position of the "rabbit" »
observation of the gamma radiation may be begun immediately after the
sample is brought out of the pile. For nuclei with half-lives of the or-
der of a minute or longer, the sample may be removed from the tube and
"rabbit" before observing the radiation. This procedure eliminates the
background due to the "rabbit" and any contamination from the pile which
might have accumulated in the tube. A better geometry is also obtainable
since the sample can be placed nearer to the detector by removing it from

the pneumatic tube before exsmining the radiation.
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CHAPTER III

EXPERIMENTAL RESULTS

Preliminary Tests

The first attempt in the present research to detect low energy
gamma rays ( < 50 kev) was made using an argon-methane filled proportion-
al counter designed similar to the one used by Bernstein and othersl at
Brookhaven National laboratory. Brass tubing 12 inches long and 4 inches
in diameter was used to make the counter shell. The center wire is 4 mil
Yungsten; it is supported by a Kovar seal at one end and is fasltened rig-
idly to the coppe::" plate which seals the counter at the other end. A
glass bead insulaﬁor was ingerted in the center wire about 2 inches from
the end plate in order to isolate the high potential from the shell.
Heavy leads were brought in at least 2 inches to prevent fleld distortion
at the counter ends. A 30 mil thick beryllium window is mounted in the
side of the counter to admit radiation into the semsitive volume. The
counter is filled to atmospheric pressure with a mixture of 90% argon and
10% methane, The preamplifier is connected rigidly to the counter to pro-
vide electrostatic shislding and to remove the need for a cable between
them. The counter is operated with a positive 2500 volts applied to the
center wire and with the shell or cathode grounded; which is advantageous

from a safety standpoint.

1y. Bernstein, H. G. Brewer, Jr., snd W. Rubinson, Nucleonics 6,
Fo. 2, 39 (1950).
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Fig. 2a shows the x-rays fron Sb122 ag detected with this counter.
A sample of isotopically enriched sbl2l vag irradiated in the pile for one
minute, and this photograph was taken while the sample decayed. The total
exposure time amounted toc one minute and began immediately after the
sample was removed from the pile.

According to der Mateosisn and Go:l.dh,a.‘ner2 s S'b‘]"22

has a metastable
state which decays with a 3.5 minute half-life by emitting a 68 kev gamm
ray (more will be said about this point later). It is to be expected tha.t
this gamma ray is internally converted. Immediately following the emigsion
of conversion electrons, x-rays characteristic of the shell from which the
electrons came should be emitted due to the existing vacancy in the elec-
tron shell.

The picture shown in Fig. 2a was made with & lucite absorber
placed in front of the counter window in order to stop all beta radiation
end Auger electrons. The top line shown is due to the Sb K x-ray, and the
lower line is the Cu K x-ray caused by the fluorescent radiation produced
in the counter walls by the antimony x-rays. The efficiency of the count-
er as a function of the energy of the incident radiation is too low to
detect the 68 kev gamma ray, and the Sb L z-rays are too soft to penetrate
the lucite absorber. The total number of pulses registered in making this
photograph was over fifty thousand.

During a discussion with Dr. C. J. Borkowski about various details
concerning some of my results with the brass counter, he suggested that I

use & thin wall Eck and Krebs type counter which he developed and has been

2E. der Mateosian and M. Goldhaber, Phys. Rev. 82, 115 (1951).



using quite successfully. One big advantage of this type of counter over
the brass one that I bad built is its much smaller size. Because of the

" high background prevalent in the vicinity of the pile, this new counter
could be much more easily shielded. Actually, it was possible to elimin-
ate the radiation shielding altogether in most cases. To a first approxi-
mation, the background counting rate is proportional to the sensitive
volume of the proportional counter. The brass counter has roughly 25
times the volume of the glass type counter, and its background counting
rate 1s larger by a similar factor, but this disadvantage can be compensat-
ed for with sufficient ghielding. Stray radiation from the source under
investigation, however, will ionize the shielding material which will then
emit fluorescent x-rays characteristic of this materiesl. These x-rays are
readily detected by the counter, and they are often difficult to dis-
tinguish from the x-rays emitted by the true source.

122 ags detected with a thin wall

Fig. 2b shows the x-rays from Sb
Eck and Krebs type counter filled with 60 cm krypton and 6 cm methane.
The counter is made from 19 mm 0.D. glass tubing with 5 mil wall upon the
inside of which a thin layer of silver is deposited to serve as the cath-
ode. The overall length of the tube is 8 inches with the counting region
confined to the central 3 inch gection. As a protective covering and for
electrostatic shielding the glass tube is enclosed in a one inch 0.D. alum-
inum tube in which a window is provided for the admigsion of radiation.
A 4 mil center wire of tungsten is the anode which operates at approxi-
mately 2100 volts. This counter is likewise connected directly to a pre-
amplifier.

The top line in Fig. 2b shows the Sb K x-ray Just as in Fig. 2a in

the case of the argon counter. The double line appearing in the middle
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of Fig. 2b has a different origin from any line shown in Fig. 2a. When-
ever an Sb K x~-ray produces a photoelectron from the K shell of krypton,
there are two possible events that can occur. The ionized krypton atom
will either emit an Auger electron or 1its own characteristic K x-ray. If
the Auger process occurs, the entire energy of the incident x-ray is spent
in the counter, and this produces & pulse whoge height iz equivalent to
the incident K x-ray energy. If a K x-ray is emitted by the krypton, it
has a good probability ( ~ 90 per cent) of escaping from the counter and
thus part of the energy of the incident x-ray is lost. This accounts for

the double line ghown in Fig. 2b where the fainter line is due to the Kﬁ
rediation of antimony minus the krypton K x-ray energy (13 kev) and the

heavier line is due to the Ky radiation of antimony minus the krypton K
x-ray. This point will be proven shortly. The resolution of this instru-
ment as meagured by the ratio of the peak width at one-half maximum in-
tensity to the peak energy is 1% per cent. This is not sufficient to dif-
ferentiate between the K, and Kg lines of antimony directly, but when a
cénstant energy is subtracted from the incident K radiation (due to the
escape of a krypton K x-ray), the percentage-wise difference between the
Ey and Kﬁ lines is increased and they are resolved as shown in Fig. 2b.

I% should be pointed out that following the emission of a K x-ray in the
krypton there may be L, M, etc. x-rays emitted as well as Auger electrons
from these shells, but these are readily absorbed within the counter. Like- |
wise, in the event that the photoelectron comes from outside the krypton 1
K shell, any subsequent radiation is absorbed in the counter, and this pro-
duces a pulse whose height is equivalent to the energy of the incident

radiation. The total number of pulses registered in making the photograph
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shown in Fig. 2b was about & hundred thousand.

As in the case of the argon counter, the efficiency was too low to
detect any unconverted 68 kev gamma rays and the antimony L x-rays failed
to penetrate the lucite absorber which is needed to stop the beta rays.

In the case of the thin wall glass counter there is no evidence of any
fluorescent x-rays from the counter walls. With the argon counter, appar-
ently no appreciable fraction of the argon K x-rays escape, which could
be due to the larger size of the counter. However, the resolution is
probably too poor to detect the less energetic line which would result if
a K x-ray of argon did escape, since this line would differ in energy by
only 3 kev from the totael energy available (26 kev).

Fig. 3 shows the x-rays from 330 day Cd'109 ag detected by a kryp-
ton proportional counter. According to Bradt and others ,3 Cdl°9 decays by
K capture to an isomeric state of Aglog which subsequently emits a 89 kev
gamma ray that is highly converted and has a half-life of 39 seconds.
Since the K capture process leaves a vacancy in the K shell and at the same
time the nucléar charge has decreased by one unit, K x-rays characteristic
of the daughter slement will be emitted as the migsing K electron 1is re-
placed in order tq render the atom electrically neutral. Thus both the
K sapture process and the internal conversion process give rise to silver
x-rays in the decay of Cal®. In Fig. 3b a palladium absorber has been

109

inserted between the Cd source and the krypton counter. The K absorp-

tion edge of palladium is at 24.4 kev and any radiation slightly more

BH. Bradt, P. C. Gugelot, O. Huber, H. Medicuas, P. Preiswerk,

P. Scherrer and R. Steffen, Helv. Phys. Acta 20, 153 (1947).
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energetic than this will be strongly attenuated while slightly less ener-
getic rays will suffer little attenuation. The Kﬁ x-rays of silver have
an energy of 25.0 kev and are clearly seen to be strongly absorbed by the
pralladium; whereas, the K, x-rays of silver have an energy of 22.2 kev and
are transmitted. Fig. 3b was given three times the exposure of Fig. 3a in

order to give comparable intensities to the two photographs.

Calibration of the Froporticnal Counter Spectrometer

A typical energy calilbration of the krypton counter is showm in
Fig. 4. Fluorescent x-rays from thin metal foils excited mainly by the
x-rays emitted from radiocactive Eul?? (9.2 hour half-life) were used as
x-ray sources.h The beta particles from the Eul5 2 were absorbed with a
one centimeter thickness of beryllium which has a gqod transparency for
the x-rays. The hard gamma rays emitted were not bc;thersome as the count-
er efficlency was too low to detect them. The x-rays from europium,
after penetrating the beryllium absorber; wers allowed to fall on & thin
sheet of the appropriate element which was placed in front of the counter
window. Some europium x-rays penetrated the radiator element, but these
were not sufficient to mar the photographs that were made of the fluor-
escent x-rays. This method proved much more satisfactory than the use of
an x-ray machine which had been previously tried. It was difficult to ob-
tain low enough intensities with an x-yray machine;, and there was always
a continuous background of white radiation in addition to the character-

istic lines sought.

"G. M. Insch, Fhil. Mag. 41, 857 (1950).
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In order to determine the accuracy of the intensity measurements
obtained from the films, a series of exposures to the same source for
var}ous periods of time were included in the films. YA plot on log-log
graph paper of the film opacity (the reciprocal of the trensparency rela-
tive to the blank film) as measured by the microphotometer, versus the
exposure time resulted in a straight line with a slope of one provided
that the opacity was not less than 3 nor more than 30. In order to make
relative intensity measurements outside of this range, corrections must
be applied to the microphotometer readings.

- As a further check on the accuracy of the film intensities, the
microphotometer tracings were compared with the results obtained using a
single channel pulse height analyzer.5

Fig. 5 shows the gilver K x-rays emitted from 330 day Cdlog ag de-
tected with a krypton proportional counter. The division of the pulses
between the two main peaks depends on the fluorescent yield of krypton
and is independent of theAincident radiation. The fluorescent yleld of a
given shell of an atom is defined as the ratio of the number of x-rays
emitted in transitions to that shell to the number of vacanciss formed in
the shell. When a photoelectron is ejected from the K shell in the
krypton counter, there are two different ways in which the vacancy may be
filled; either a characteristic K x-ray is emitted when an electron falls
in from a higher level or the corresponding energy is given to one or
more Auger electrons ejected from highser electronic levels. The high

energy peak observed in Fig. 5 i1s produced by the Auger process occurring

5E. Falrstein, A Sweep Type Differential and Integral Discriminator,
ORNL-893, Series A (1951). _
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in the krypton counter, and the lower peak (actually a double peak) is
produced when a krypton K x-ray escapes from the counter following the
photoelectric process. The ratio of the area under the "escape" 'pea.k
to the total area under both the "escape” am:l the full energy pesak will
give the fluorescent yleld for the K shell of krypton if two corrections
are made. The fraction of the total pulses in the “"escape” peak was
found by numerical i:;tegration to be 53 per cent.

The first correction to be made is due to the reduced intensity of
the "escape" peak caused by the reabsorption of the K x-rays of krypton
in the counter gas. The value for the mass absorption coefficient of
krypton for its own K x-rays is 30 cma/gm as given by Jonnson's "univer-
sal" absorption curve (see Compton and Allison6) which is claimed to be
accurate to ¥ 5 per cent in most cases. This value is confirmed by the
following formula due to Walter (see Compton and Al.lison7) based on a sum-

mary of the experimental data available on x-ray absorption.

-4 4.30 3
y = 5.13 x 19A pA A (14)

vhere

mass absorption coefficient for incident x-rays.

atomic number of the absorbing material.

i

vave length in Angstroms of incident x-rays.

L VA - B
I

atomic weight of the absorbing materisl.

il

6A. H. Compton and S. K. Allison, X-rays in Theory and Experiment

(New York: D. Van Nostrand Co., Inc., 1935) p. 540.

7Ib1d., p. 537.

Ep————
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This formulsa applies only to wave lengths between the K and L absorption
edges of the absorbing element. The mass absorption coefficient of kryp-

ton for its own K x-rays is

5.13 x 1o'h(36)h’3°(o.98)3
83.7
A value for the mass of krypton per square centimeter as seen by

= 28.3 cnz/gm (15)

the krypton x-rays is not easily calculated because of the gounter geom-
etry and the complex spacial distribution of the fluorescent krypton radi-
ation. An absorber thickness equal to the counter diameter (1.8 cm) £

25 per cent should be a valid assumption. For krypton at a pressure of
60 cm Hg and 24°C this gives & value of 4.8 ¢+ 1.2 mg/cm2 for the average
thickness of the krypton gas as seen by the krypton x-rays. \

Substituting in the well known absorption formula (1 - e "*) gives
13 * 3 per cent as the fraction of the krypton K x-rays absorbed within
the counter.

A second correction is necessary to account for the incident radi-
ation absorbed in the L, M, .... shells. Since approximately the total
energy of the incident x-ray is then spent in the counter, this process
cannot be distinguished from K absorption with subsequent emission of an
Auger electron. The ratio of the absorption in the K; L; M, .... sghells
to that in the L, My, .... shells is known at the K absorption edge for
most elements, and it is assumed that the ratio is the same for energies
not much greater than the K binding energy. For the case of krypton this
value was calculated from an empirical formula due to Jénnson (see Comp-
ton and Allison7) since there are very few measurements of the x-ray

absorption coefficient of krypton reported in the literature. Jénmnson
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finds that the magnitude of the K absorption jump is well represented by
the ratio of the energies of the K and Ly electron states. Comparison
with experimental results indicates that this relation is accurate to
: 5 per cent in most cases. For krypton this fomué'-» gives a value of
7. £ 0.4 for the absorption jump. It follows, therefore, that the absorp-
tion in the L, M, .... shells const:‘:tutes a fraction (7.h % O.h)-l or
13.5 * 0.7 per cent. Absorption of x-rays in the methane was neglected,
gince 1t 1s very small compared with that in krypton.

These two corrections give the final value for the fluores-
cent yleld for krypton as 0.70 ¥ 0.03. This value agrees with that found
by West and Bo’c.hvell8 (0.67) who used a similar method for determining
the fluorescent yield. Auger9 measured the fluorescent yield for warious
gases by observing the abundances of Auger electrons in a large number
of K ilonizations revealed by the photoelectron tracks in & Wilson cloud
chamber. If such a photoelectron track is observed; and has no associated
track with it whose length corresponds to the ejection by a K series
line quantum of an electron from an ocuter shell in the atom, this atom
must have emitted a characteristic K x-ray. In 320 instances Auger found
that 156 were accompanied by an electron arising from the intermal conver-
sion of one of the K lines, hence he obtained a fluorescent yield of
0.51 for the K shell in krypton.

Fig. 6 shows the x-rays from Cd109 as detected by & xenon counter.

This counter is identical with the krypiton counter previously described

8D. West and P. Rothwell, Phil. Mag. 41, 873 (1950).

9P. Auger, Ann. de Phys. 6, 183 (1926).
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except that it is filled with 60 cm Hg pressure of xenon and 6 cm Hg of
methane. In the photograph there is only one line present, and this cor-
regsponds to the incident K x-ray energy. Since the radiation is not
energetic enough to excite the xenon K x-ray (30 kev), it must be ab-
sorbed in the outer shells. Both the Auger electrons and the x-radiation
that is subsequently emitted by the ionized xenon atoms are readily ab-
sorbed in the counter. This means that in the absorption process the
total energy of the photoelectrons plus Auger electrons will be very close
to the energy of the incident quantum.

Fig. 7 shows the x-rays from 9.2 hour Eulo? a;e' detected by a

xenon counter. The decay scheme of Eu‘]"5 2 has not been determined; but

it is known that K capture occurs in addition to several beta and gamms
transitions.C One of the tramsitions 1s lnternally converted, but it is
not known from what nucleus it arises. There are probably x-rays emit-
ted during the decay of Eu'? other than the samarium K x-rays which fol-
low the K capture process. A one centimeter thickness of beryllium was
placed between the source and the counter in order to absorb all the beta
rays. The peak at 41 kev is due to the absorption of the total energy of
the incident K x-rays. As stated before, the resolution of the spectrom-~
eter is not sufficient to resolve the Ky and KB x-rays directly. The
peak at 11 kev is due to the incident E, radiation and the subsequent
escape from the counter of xzenon K x-rays. The less intense peak at 16
kev results from the detection of the KB radiation followed by the escape

of the xenon K x-ray. The 6.5 kev peak is produced by the incident L x-rays

105, M. Hill and L. R. Shepherd, Proc. Phys. Soc. A63; 126 (1950).
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as the relative height of this peak_is decreased by interposing a thicker
beryllium absorber between the sample and the counter.

In a method analogous to that used for measuring the fluorescent
yield of krypton, the fluorescent yield for the K shell of xenon was cal-
culated, and it is found to have a value of 0.85 t 0.5. West and Roth-
wel1ll give a value of 0.81, and Auger.® obtained & value of 0.71.

The pulse height analyzer date in the previous figures were super-
posed on the microphotometer tracings by normalizing the data so that
the more energetic peak heights coincide. It should also be pointed out

that the "counts" or ordinates are plotted to & logarithmic scale.

Counter Efficiency

In order to measure the counting efficiency of the xenon propor-
tional counter described earlier as a function of the energy of incident
radiation, a second counter was obtained which is identical to the first
except it was filled to only one-half the pressure of the first. Counter
1 is filled to a pressure of 60 cm Hg of xenon and 6 cm Hg of methane, and
counter 2 is filled to a pressure of 30 cm Hg of xenon and 3 c¢cm of methane.
The counting rates minus the background rates for the two counters were
compared using the same x-ray source. This comparison was made using
cal® and Eul52 which emit x-rays of energy 22 and 41 kev respectively.

The well known absorption formula gives as the ratio R for the

Llyest and Rothwell, loc. cit.

lgAuger, doc. cit.
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counting rates of the two counters

I I.(1-e¢ P!
R 2 Tt ) _1-e (16)
1 I,(1 - e'2“) e Vet - 1)

where I2 is the counting rate of counter 2, I, is the counting rate of
counter 1, I, is the intensity of the incident radiation, and u is the
mags abgorption coefficient of counter 2 for the incident radiation times
the path length of the radiation in counter 2. Since counter 1 is filled
to twice the pressure of counter 2, it has twice the path length of
counter 2 for the incident radiation, hence the factor of 2 in the expon-
ent.
oueln [__L_ (1)
l1-R

R was found to be 0.576 and 0.579 in the case of €a1%9 ana E}92
respectively. This leads to a value for 2u (the abe@zption factor for the
higher pressure counter) of 0.62 and 0.6% for 22 and 41 kev radiation re-
spectivel&. Any L x-rays emitted by the above sources were cut out by
biasing the Al linear amplifier sufficiently. The two points are plotted
in Fig. 8 and the lines are obtained by making their slope the sam; as
that for the abgorption coefficient of iodine which is a neighhoring ele-

ment that has been previously investigated (see Compton and Allisonl3).

The.KIabsorption edge for xenon (35 kev) was obtained from well known x-ray
data. This is the point where the absorption coefficient of xenon abrupt-

ly changes becguse of ionization commencing in the K shell of xenon.

13compton and Allison, op. cit., p. 80l.



EFFICIENCY OF XENON COUNTER

1.00

UNCLASSIFIED
DWG. 11588

0.90

0.80

0.70

0.60

050

040

0.30

0.20

0.10

—
_—_——— T T T T T T

yd

AN

20 30 40 50 60 70 80
ENERGY OF INCI?:EGNg RADIATION (kev.)
|

EFFICIENCY OF XENON COUNTER AS A FUNCTION OF
y AND X RAY ENERGY

46

90 100



Fig. 9 gives the actual efficiency (negleéting geometric effects)
of the xenon proportional counter (1 - e <) as a function of energy of
the incident electrbmagnetic radistion. For energies less' than 5 kev,
the sbsorption of the incidel;t radiation by the counter walls becomes im-

portant, so for energies in this region Fig. 9 does not apply.

Accuracy of Energy Measurements

The following diagram shows a portion of the microphotometer

traces from five separate photographs mede of the x-rays emitted from 9.2

.hour 14::1):-"'52 as detected with a xenon proportional counter. The peaks rep-

resent

0 Energy (kev) 41
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the energy of the incident x-rays (41 kev). Exposures times range from
5 to 80 seconds with any given curve resulting from twice the exposure
time of the next lower curve.

The greatest fluctuation in peak position from the mean value
(denoted by vertical line) occurs in the second from the bottom curve in
the diagram. Thisg deviation amounts to approximately 3 parts in 120 or
2.5 per cent which is assumed as the limits of accuracy for the energy
measurements made with the proportional counter. This error of 2.5 per
cent is about twice the probable error predicted by probebility theory
in the case of the five measurements presented above. It is felt that
the wider limits placed on the accuracy are necessary in order to account
for any systematic errors which may occur.

In the event that two gamma rays differing in relative energy by
an amount less than 15 per cent are measured simultaneously, the error
in the resultant energy measurement will in this case, no doubt; be
greater than t 2.5 per cent. This is due to the fact that the two gam-

ma rays vwould not be resolved by the counter.

Gamma and X-ray Spectra of Various
Short Period Activities

The results of & study of the electromagnetic radiation emitted

by various short period radiocactive nuclei are collected below.

10.7 Minute 0060 Activity

The 10.7 minute period in cobalt produced by neutron irradiation
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of cobalt metal has been investigated by Deutsch and others.lh They re-
port that at least ninety per cent of the disintegrations are by an
isomeric transition of energy 56 kev, presumably to the five year level.
The remaining ten per cent of the disintegrations are by a beta ray of
1.25 Mev followed by a single gamma ray of energy 1.50 Mev. Caldwelll5
investigated the conversion electrons using s permanent magnet beta-ray
spectrograph. He reports three conversion electron lines which were as-
signed to K; L, and M conversions of a single gamma ray of energy
58.9 £ 0.5 kev.

Fig. 10 shows the gamma rays from 0060

ag detected by & xenon
filled proportional counter (10a) and by a Nal scintillation counter (10b).
Comparing the height of the gamma ray line in Fig. 10a to the distance
from it to the "escape" line (29.7 kev below the gamma ray line due to
the escape of a xenon K x-ray from the counter) gives an energy value of
58.5 t 1.5 kev for the gamma ray.

The K x-ray of cobalt is faintly visible near the bottom of the
photograph. These x-rays are emitted subsequent to the internal conver-

gion process.

17.5 Second .‘:‘oe77 Activity

The 17.5 second period in selenium produced by neutron irradiation

16

has been studied by Arnold and Sugarman. They found a gamms ray having

'u’n. Deutsch, L. G. Elliott and A. Roberts, Phys. Rev. 68, 193
(1945)

128, L. caldwell, Phys. Rev. 78, 407 (1950).
165, R. Armold end N. Sugarmen, J. Chem. Phys. 15, 703 (1947).
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an energy of roughly ~ 150 kev as determined from absorption measure-
mentg. Goldhaber and !oiueh.'l,ha.usel7 aggigned this period to sell by ob-
serving the (n,y) reaction in enriched 83760

Fig. 11 shows this gamma ray es dstected by a Nal counter and also
the K x-rays as detected with an argon filled proportional counter. The
gamma ray in Fig. 11b has an energy of 130 ¥ 7 kev. This value was ob-
tained by comparing the peak height shown with that obtained from the
279 kev gamma ray emitted by 382030 The error is assumed to be twice
that used for the proportional counter measurements.

The double line shown in Fig. lla results from the selenium K
x-rays following internal conversion and the fluorescent x-rays of copper

produced in the counter walls by the selenium radiaticn.

5 Second Zr Activity

An attempt was made to verify the 5 second zirconium (n,y) reaction
reported by Agem.l8 Becauge of the impurity of the zirconium source
that was used, it is not kmowmn whether the gamma ray shown in Fig. 12b
is emitted by zirconium or by a hafnium impurity. This garma ray has a
value of 188 t 20 kev as determined by comparison with the 279 kev gezma
ray of 53203 . H.f‘179 is known to have a gamma ray vbose energy is
220 * 10 kev (see page 62), and this gamma ray is undoubtedly contribut-

ing to the peak shown in Fig. 12b.

l7M. Goldhaber and C. O. Muehlhause, Phys. Rev. Tk, 1248 (1948).

leM. Ageno, Nuovo Cimento 1, 33 (1943).
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Fig. 12a shows the zirconium K x-rays as detected by a krypton

proportional counter. These x-rays either could result from internal
conversion occurring following an isomeric transition of the zirconium
nucleus, or could be fluorescent x-rays from zirconium that has been ion-

ized by the hafnium radiation.

6.6 Minute Cb>" Activity

Goldhaber and Muehlhausel? report that very pure columbium ex-
posed to slow neutron irradiation emitted strong K x-rays. By critical
absorption they showed these x-rays to be characteristic K radiation of
columbium which implies that they arise from an isomeric tramsition in
columbium. No unconverted gamma rays were found, indicating that prac-
tically all of the gamma rays are internally converted. More recently
Caldvellgo measured three internal conversion electron lines with ener-
gies 22.5, 39.0, and 40.8 kev. These he assigned to K, L, and M conver-
sions of a single gamma ray of energy 41.5 % 0.5 kev.

Fig. 13b shows the K x-rays of columbium as detected with a kryp-
ton proportional counter. Also shown for ¢omparison are the fluoreacent
K x-rays from the ﬁeighboring elements, zirconium (Fig. 13a) and molyb-
denum (Fig. 13c). The fluorescent x-rays were excited by the x-rays
emitted from Rhlol* (see below). No evidence of an unconverted gamma ray
has been observed. This result confirms that a highly converted isomeriec

transition occurs in the decay of C 9hc

16o1dnaber and Muehlhause » log. eit.

20calawell, loc. cit.
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4.7 Minute RR % Activity

Der Mateosian and Goldhaberal report a 52 kev gamms ray with half-
life of 4.7 minutes from rhodium after exposure to slow neutrons in the
Brookhaven reactor. Their measurements were made using a Nal scintilla-
tion counter.

Fig. 14 shows the gamma and x-radiation from rhodium as detected
with a xenon proportional counter.and a Nal scintillation counter. The
gamma ray shown in Fig. 1l4a has an energy of 51.5 % 1.3 kev as determined
from comparing its peak height to that of the K x-ray of rhodium.

Fig. 15 compares the x-rsys from mah to the fluorescent x-rays
from & rhodium foil excited by the K x-rays from spie2 (see page 59).
This result indicates that the transition must be interpally converted

thus producing rhodium x-rays.

5 _Minute P4 Activity

A new short period activity produced by neutron irradiation has
been found in palladium. Fig. 16a shows the gamma ray as detected by a
Nal counter. This gamma ray has an energy of 173 ¥ 10 kev which was de-
termined by comparing its pulse height with that of the 279 kev gamma ray
from 53203'

Fig. 16b shows the K x-rays as detected with a krypton counter.
Most of the x-rays are emitted followling internal conversion of the gamma
ray, but some arise from the 13 hour Pa'%? activity which, according to

22

Siegbahn and others;y“- decays by beta emission to metastable Agl°9 which

21
E. der Mateosian and M. Goldhaber, Phys. Rev. 82, 115 (1951).

22K, Siegbalm, E. Kondiah, and S. Johansson, Nature 164, 405 (1948).
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emits a 87 kev gemma ray that is highly converted thus producing silver
x-rays. The disintegration of Pd109 and ca*® (discussed earlier) is a
case where two different nuclei decaying to the same nucleus (Ag1®) bave

an excited level in common, which in thisg case is metastable.

2.5 Second In Activity

A new ghort period activity produced by neutron bombardment hag
been found in indium. Fig. 17a shows the gamme ray as detected by a Nal
counter. This gamms ray has an energy of 153 + 10 kev as determined from
a comparison of its pulse height with that of the 279 kev gammsa ray emit-
ted by Hg203,

Fig. 17b shows the K z-rays emitted as detected by a krypton pro-
portional counter. The x-rays indicate that the transition is internally

converted.

3.5 Minute Sb122 Activity

Der Mateosian and other923

report a 3.5 minute activity produced
in antimony by neutron irradiation. Both internal conversion electrons
and characteristic K, radiation of antimony were observed. Aluminum ab-
sorption measurements indicated an isomeric transition of 140 kev. This
activity was assigned to the (n,y) reaction with Sblal, as it was not
observed in measurements with an isotopically enriched sample of the only
other stable antimony isotope (Sb123) upon neutron irradiation.

Fig. 18a shows the gamma radiation, produced by the (ny) reaction

23E° der Mateosian, M. Goldhaber, C. O. Muehlhause, and M. McKeown,

Phys. Rev. 72, 1271 (1947).
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with an igotopically enriched Sblal

sample, as detected with a xenon
proportional counter. Two gamme rays are evident in addition to the
antimony K x-rays. The gamma rays have energies of 59 ¥ 1.5 and T4 t 2
kev as determined by comparing their pulse heights to that of the Ky
x-ray pulse height at 26.4 kev.

Fig. 18b shows the gamma rays as detected by a Nal counter. In
this case the resolution is not sufficient to distinguish the two ganms,

rays, hence only one line at about 65 t 10 kev is present.

1.25 Minute Dyi® Activity

The 1.25 minute K converted gamma activity was initially reported
by Flammersfeld.?® Inghram and others® showed that this activity is
isomeric with the 2.6 hour activity and that both of these activities
are produced by neutron irradiation of the stable isotope Dyla". Cald-

26, using a permanent magnet beta-ray spectrograph finds five con-

well
version electron lines which he agsigned to a single gamma ray of energy
109.0 T 0.5 kev which converts in the K, Ly, Lyrrs M, and N shells of
dysprosium.

Fig. 19a shows the gamma rays and x-rays as detected with a NaIl
counter. This gamma ray has a value of 102 ¥ 8 kev as determined by

comparing its pulse height to that of the x-ray pulse height at 46 kev.

2hA. Flammersfeld, Zeits, f£. Naturforschung, 1, 190 (19%6).

25!4!. G. Inghram, A. E. Shaw, D. C. Hess, Jr., and R. J. Hayden,
Phys. Rev. 72, 515 (1947).

canaveln, loc. cit.
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Fig. 19b shows the K and L x-rays from d.ysprosium as detected by
a xenon proportional counter. The gamms ray is too energetic to be de-

tected by the xenon counter.

< 0.5 and 6 Second Yb Activities

Fig. 20a shows an unreported gamma ray of half-life less than 0.5
gec produced in ytterbium by neutron irradiation and detected with a Nal
counter. Because of the rapid decay of this gamma ray 8 separate irrad-
iations in the pile and the same number of separate film exposures of 1
gec each vére required to produce the photograph shown in Fig. 20a.

This ganma ray has an energy of 455 ' 25 kev as determined by comparing
its pulse height with that produced by the 279 kev gamma ray from HgCS.

Fig. 20b ghows the gamma rays and x-rays from the 6 second neutron

induced activity reported by der Mateosian and GOldh&beI’27

who observed
conversion electrons baving energies of about 200 kev as determined by
almminum abéorption measurements. The two gamms rays shown in Fig. 20b
have energies of 104 * 8 and 212 t 15 kev as determined by comparing
their pulse heights with that due to the K x-rays at an energy of 53 kev.
The 104 kev gamma ray is also shown in Fig. 20a, and is probably due to
a dysprosium impurity, but the possibility of a double transition cannot

be definitely excluded.

19 Second Hfl79 Activity

The 19 second hafnium activity was discovered by Fla.mmersfeld28

27E. der Mateosian and M. Goldhaber, Phys. Rev. 76, 187 (1949).

281 ammersreld s 1oc. cit.
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who observed conversion electrons with energies of about 190 kev producéd
by slow neutron irradiation of hafnium. Der Mateosian and Goldha.ber29
report & neutron induced gamma transition in Hf‘l 19 with an energy of 215
kev as measured with a Nal scintillation spectrometer.

Fig. 2la shows the gamms ray and x-ray from H.fl79 ag detected
with a Nal counter. The gamma ray has an energy of 220 ¥ 10 kev as de-
termined by comparing its pulse height to that produced by the 279 kev
gamma ray from Hg203.

Fig. 21b shows the K and L x-rays from hafnium as detected with a
xenon proportional counter. The x-rays are probably associated with an
isomeric transition of 161 kev which is believed to be in series with the
220 kev transition. Conversion electrons corresponding to a 161 kev

transition have been observed by Burson and his co-workers.3o

0.33 Second Ta Activity

The 0.33 second neutron induced activity in tantalum was initial-
1y found by Campbell and Good.S® Later, Goodrich and Campbell32 reported
that the radiation comsisted mainly of low energy photons believed to be
the L x-rays from tantalum due to a low energy isomeric transition which
is highly converted. They concluded that the transition energy E is in
the range EL < E< EK vhere EL and EK are the binding energies of the L and

K shslls respectively.

29E. der Mateosian and M. Goldhaber, Phys. Rev. 82, 115 (1951).

308. B. Burson, K. W. Blair, H. B. Eeller and S. Wexler, Phys.

Rev. 83, 222 (1951).
315, c. Campbell and W. M. Good,Phys. Rev. 76, 195 (1949).
3°M. Goodrich and E. C. Campbell, Phys. Rev. 79, %18 (1950).
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Fig. 22 ghows the L x-rays emitted by tantalum as detected by a
krypton counter. Fifteen separate irradiations in the pile for a period
of one second each and fifteen éubsequent film exposures of one gecond
each were reguired in making the photograph shown in Fig. 22. Compari-
gon of these x-rays with those emitted by long life Hfls‘l confirmed

that the x-rays in Fig. 22 are from tantalum.

5.5 Second W Activity

Der Mateosian and Goldha.'ber33

report finding conversion electrons
of 80 kev energy and half-life of 5.5 seconds produced by slow neutron
irrediation of tungsten. Their energy measurements were obtained by
aluminum absorption.

Fig. 23 shows the x-rays from tungsten as detected by a Nal crys-
tal and a xenon proportional counter. In Fig. 23s there is evidence of
a weak gamma ray with energy slightly greater than the K x-ray lines
(58-69 kev). This additional evidence is in accordance with Mateosian

and Goldhaber's findings.

192

1.5 Minute Ir Activity

The 1.5 minute neutron induced activity in iridium was reported
first by McMillan, Kemen and Ruben.3l" Goldhaber and others3® later

reported two gamma rays with energies of approximately 60 kev and 30 kev,

E. der Mateosian and M. Goldhaber, Phys. Rev. 76, 187 (1949).

3hE. McMillan, M. Kamen and S. Ruben, Phys. Rev. 52, 375 (1937).

35!4. Goldhaber, C. 0. Muehlhause and S. H. Turkel, Phys. Rev. 71,

372 (1947).
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as well as strong L x-rays of iridium. They were umeble, however, by
critical absorption to show that there is a unique gaﬁha ray in the
region of about 30 kev. Caldvell36 finds four conversion electron lines
which were assigned to a single gamma ray with energy of 57.4 t 0.5 kev
which converts in the L1, LIII’ M, and N shells of iridium. He was also
ungble to obtain evidence imdicating a discrete lower energy geamma ray.

Fig. 24 shows the L x-rays of iridium as detected by a xenon pro-
portional counter. There is no evidence of an unconverted gamma ray of
intensity near that of the x-ray. These x-rays are presumed to follow
the internal conversion process. Fig. 2ib was given roughly 10 times
the exposure of Fig. Sa, with a thin copper foil inserted between the
gource and the detector to absorb the L x-rays of iridium, in an attempt
to obgerve any unconverted gamma rays. The copper foil strongly attenu-
ates the L x-rays of iridium, but it would have little effect on a gamma
ray with an energy of the order of 25 kev. The fact that no radiation
more energetic than the L x-rays is observed indicates that the transition

is highly converted.

23.5 Minute U°52 Activity
Meitner and others37 first reported a uranium isotope procduced by

neutron capture with the half-life 23 minutes. Feather and Krishnan38

from absorption measurements report the disintegration of v239 involves

360aldwell, loc. cit.

(2957) 3TL. Meitner, 0. Hahm and F. Strassman, Zeits £ Physik, 106, 249
1937) .

8
(1947) 3 N. Feather and R. S. Krishnan, Proc. Camb. Phil. Soc. 43, 267
1047) .
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beta rays having an upper emergy limit of 1.20 ¥ 0.02 Mev and a gamma
ray with energy of 76 ¥ 3 kev. They also found evidence for electrons
of less energy (about 0.1 per disintegration) and more penetrating gam-
ma rays of relatively low intengity. Quentum radiations corresponding
roughly to the L x-rays, to be expected following the internal conversion
of the low energy gamme ray, were also detected. s1at1s3? reports two
internal conversion lines plus a continuous beta ray spectra from in-
vestigation with a magnetic lens spectrograph of the radiation from U239.
The two conversion lines are produced by the L and M conversion of a T3
kev nuclear gemms ray which is emitted by an excited neptunium nucleus
following beta decay in the uranium. This beta ray has a maximm energy
of 1.12 Mev and occurs in 97 per cent of the disintegrations. There is
another beta ray with maximum energy of 2.06 Mev which decays directly
to the ground state of neptunium in the remsining 3 per cent of the dis-
integrations.

Fig. 25 shows the gamnma ray from 0239 as detected by a Nal crysta.l
and xenon proportional counter. This gamma ray has an energy of
T4 * 2 kev as determined from its pulse height in the xenon counter phote-
graph compared to the distance to the lower energy line produced by the
escape from the counter of a xenon K x-ray (29.7 kev). The xenon counter
also detects the 1L 'x-ra.ys from neptunium which are emitted subsequent to
internal conversion in the L shell. The gemme, transition is not ener-
getic enough to produce conversion in the K shell, and therefore no K

x-rays are in evidence.,

398. siatis, Arkiv Mat. Astron. Fysik 354, No. 3 (1948).
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CHAPTER IV

ANAIYSIS (OF DATA

Partial Internal Conversion Coefficients

The emission of & K or I conversion electron from & radioactive
atom will leave the atom ionized in the K or L electron shell, and con-
sequently when this shell fills, an x-ray of the K or L series can be
emitted. The detection of these x-rays should give a quantitative
measurement of how many K or L conversion electrons have been emitted
provided that the fluorescent yield of the decaying atom is taken into
account.

A time exposure photograph of the output pulses from a proportion-
al counter as displayed on the screen of an oscilloscope indicates the
relative number of x-rays and gamma rays emitted by a radioactive sample.
Such photographs are shown in Fig. 26. Scanning the £ilm with a record-
ing microphotometer gives a permanent record of the relative number of
counts per unit energy range from which the partial conversion coeffic-

ient may be calculated as follows.

N
R = ( K’L) WTE (18)
N
7 -
N
‘ _ K,L _ _R
ot aK,L - N" = WTE (19)

vhere R = ratio of x-ray intensity of & given shell to gamma ray in-

tensity as determined by camparing areas under the appropriate
pulse peaks of the microphotometer tracing.
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TABLE III

PARTIAL INTERNAL CONVERSION COEFFICIENTS

R w T E ALPHA
Relative Relative Relative
Element | Half-Life| Gamma Ray| Intensity | Fluorescent| Transmission| Efficiency Partial Internal
Energy of X-Ray Yield of Beryllium | of Xenon Conversion Coefficiert
(Minutes) (kev) to y ~Ray Absorber Proportional
Counter K Shell L Shell
K e
97Co80 | 10.7 59.0 0.26 0.32 0.005* 4.69 35.0
41Cp% 6.6 41.5 =110 0.67 0.90 1.61 >100
400
apirt9? 1.4 57.4 =80 ~ 0.50 0.09* 4,52 -
909U | 23,5 74.0 0.85 0.67 0.90 7.29 0.20
- R
a |
W TE

*Includes correction for absorption due to counter walls




T2
W = fluorescent yield of the given electron shzl.‘l..l
T = relative transmission efficiency of the beryllium sbsorber
(used to stop any beta rays or cohversion electrons) for the
given x-ray to the gamma ra.y.2
E = relative efficiency of the xenon proportional counter for the
x-ray compared to the gamms ray (see Fig. 9).

The results obtained for various radioactive nuclei are shown in
Table III. These results wild be in error if the decay schemes now
believed correct for the given isotopes should later prove to be more
complex. For imgtance, if K or L capture occurs in any of the nuclei
listed in Table III, this would produce x-rays other than those resulting
from internal conversion and the measured conversion coefficient would be
too large. Also, if there is & second gamma ray that is almost wholly
converted and is therefore unobservable, there would be additional x-rays
which would not belong to the transition being studied.

The value of O, listed in Table II for U->’ is higher than that
found by S].'a"l::f.s3 (0.14). This is probably due in part to the absorption
within the urenium sample of the unconverted gamma ray. Assuming a
sample thickness of 25 mg/cm2 and using a mass absorption coeff:l.c.:ierri:h

of 4 cme/gm for the 73 kev gammea ray indicates that approximately

b x 0.025 x 0.5 or 5 per cent of the gamma rays are absorbed (where the

lR. M. Steffen, O. Huber and F. Humbel, Helv. Phys. Acta 22,
167 (1949) .

2(l't:mp't:on and Allison, op. cit., p. 800.
3H. Slatis, Arkiv. Mat. Astron. Fysik 354, No. 3 (1948).

b
Compton and Alligon, lo¢c. cit.
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average path length for the gemma rays was taken to be one-half the
sample thickness). If all these produce photoelectrons from the L shell,
then the measured value of o will be too large by this absorbed fraction.
A corrected value of 0.15 is thus obtained for Gp. In the case of Co™ a
correction of this magnitude is negligible relative to the wvalue obtained
for ag.

In the case of Irlg2 and 0239 the gamms transition 1s not energet-

ic enough to produce K convession, therefore L conversion is the predom-

inent type.

Conclusion

The occurrence of nuclear isomerism among nuclel of odd mess num-
ber can be explained in a qualitative way by the nuclear shell model.5
The model of Mayer is based on the succession of energy levels of & single
particle in a potential between that of a three dimensional harmonic
ogcillator and a square well. The order of the energy levels in this

model, if spin-orbit coupling is assumed, is as follows:

(151/2)2 2
(2p3/2)" (20 )" 8
(3855)° (325,)" (28 1) 20
(bt /o) (4255)° (303700 (38, )" (58 )™ 50

2. Goeppert-Mayer, Phys. Rev. 78, 16 (1950); and E. Feenberg
and K. C. Hammack, Phys. Rev. 75, 1877 (1949).



Th

&
(5a)° (hag1p)° (4, )" (38, )% (6 )" g2
(692" (5270)° (525/2)° (hp3/a)" (hmy 1) (785790 126

where each horizontal line describes a shell and the total number of
like nucleons required to f£ill all the preceding shells is given at the
end of each line. An even number of identical nucleons in any orbit
with total angular momentum quantum number Jj will always couple to
give a spin zero, and an odd number of identical nucleons in a state J
will couple to give a total spin J.

The stability of muclei containing 2, 8, 20, 28, 50, 82 or 126
neutrons or pro‘bons6 is explained by the existence of closed ghells in
these nuclei. Near the end of a shell, where isomers frequently occur,
are states with quite different spins whose energies are not too far
apart. The competition between these adjacent states may result in a
nucleon going into the next higher shell rather than filling up the lower,
incomplete shell. Wherever the shell theory predicts 4wo closely spaced
levels differing by three or four units in spin, isomerism becomes a
likely possibility.

All of the isomers with odd mass numbers7 listed in Table IV can

be correlated with the shell model. Se!! (N = k3) and Ag'® (z = 47) can

611. M. Elsasser, J. de phys. et rad. 5, 635 (1934); and M.
Goeppert-Mayer, Phys. Rev. Th, 235 (1948).

7“Nuclear Data", circular 499, National Bureau Standards, Washing-
ton, D. C. (1950).



SUMMARY OF EXPERIMENTAL DATA

TABLE IV

>

'_—"——_T_—_'_'—"_"_Wr""""'-'_r—""'_"_"”T'—-"""—'—-_

Transition Helf-

Isomer | Energy (kev) life a:otal ’t; (sec) Remarks
270060 58.5 10.7 min | ~40 2.6 x 10% See Fig. 26
3h8977 130 17.5 sec (0.9) 3.3 x 10
hlmﬁh 1.5 6.6 min | ~ 500 2.0 x 10° See Fig. 26
h5Bh1°" 51.5 4.7 min | 25 7.3x10° | See Fig. 1t
46Pd? 173 5 min | ~1 6.0 x 10° See Fig. 16
h7Ag109 87 39  sec (24) 9.7 x 10°
h9In? 153 2.5 sec | ~1 5.0 See Fig. 17
518b122 59,7k 3.5 min | ~25 5.5 x 100 See Fig. 18
66Dyl65 102 1.3 min ( 50)| %.0x10°
L 455 £.0.5 sec (0.06) | 3.0x 107"

7o% 212 6 sec (~1.2)] 1.3 x 10
723rl79 161 19 sec (~32) | 6.3 x 10°
74wl83 ~ 80 5.5 sec | (130) 7.2 x 10°
77Ir192 57.4 1.5 min | ~500 k.5 x 10° See Fig. 26

*
The conversion coefficients listed in parentheses

are given by Goldhaber and Sunyar9 by adding an

egtimated correction for 1L conversion to the eal-
culated K-shell coeffieientsd (page 13).

**Conversion arbitrarily assigned to 59 kev trans-

ition.
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both have the competing orbits 2p; /2 and lgg /2 which would account for
their isomeric transitions. For Dyl65 (N = 99) the transition is possib-
1y due to the competition between the 6h9 /2 and 4py /2 orbits. The isom-
eric transitions arising from EfLT9 (N = 107) and W03 (N = 109) may be
explained by competition between the 6hn /2 and l+p3 /2 states.

For the isomers with A even listed in Table IV, it will be noted
that all have N odd and Z odd. This is in accordance with Msn:.*tm.uch’a8
observation that there are no isomeric pairs with N even and Z even. More
recently published data indicate exceptions (Hf‘lBO and Pbeol‘) to this
"rule".

In Fig. 27, log T7 (sec) is plotted versus log E (kev), where
'l; = Texp (1 + a), for the isomers listed in Table IV. According to
Goldhaber and Sunyar9 these isomers belong to the group characterized by
IA?’ = 3. They obtain the following empirical formula for transitions

within this group.
log ’I’7 (sec) = 17.3 - 7 log E(kev) (20)

An inspection of Fig. 27 indicates that a little better representation of
the data is obtained by changing the comstant term in the above equation
to 17.0. This formula is identical to that calculated by Weisskopf for
magnetic radiation of multipole order 3 (see equation 5) where R is given

the value 7.7 % 10713 em (i.e. A = 135).

8

9M. Goldhaber and A. W. Sunyar, Quarterly Progress Report, BNL

103, 3 (1951).

J. Mattauch, Zeits. f. Physik 117, 246 (19%1).
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Summary

1. A short period neutron induced gamma activity was discovered
in Pd (E = 173 kev, L =5 min), In (E = 153 kev, L = 2.5 sec) and
b (E = 455 kev, T < 0.5 sec).

2. Two gamma rays (E = 59 and T4 kev) were found to be assoc-
iated with the 3.5 minute Sblae activity which was previously reported
to emit only a single gamma ray.

3. The fluorescent yield for the K shell of krypton {0.70) and
xenon (0.85) was measured.

k., The efficiency of a xenon-methane filled proportionmal counter
as & function of energy of the incident electromagnetic radiation was
measured.

5. Partial internal conversion coefficients were meagured for

192

0o (ag = 35), CB* (o >100), Ir'92 (o > hoo) ema PP (o = 0.2).
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