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AB a grebianinarqy step i n  the present reeearcfi, a search for  new 

short period nuclear isomers wasl made using the scinti l lat ion spectrom- 

eter constructed by Campbell =a ~ 0 0 d p i c d  mutron ineduceti g- rws 

with hd3-1ives of the order of a second have been detected a d  their  

energies measured,. An unreported activity has been found in each of the 

three following elemente: palladium, indium, and ytterbium. 

In order to observe x-rays and l o w  energy gamma raye (leea than 

75 kev) a pmportfanal counter was added t o  the apparatus. For low 

energy radiation a ppoportiogal counter $e mmxmte than a sefnti l-  

lat ion counter, but the upper e n e r a  l i init  f o r  aeeswing gamma radiation 

with a proportional counter is Bmaller by a factor of nearly LOO con- 

pared t o  that obtainable with a s c l n t i U t i o n  counter. 

Fifteen s h o r t  period neutron induce8 gamma act ivi t ies  believed t o  

be nuclear islomere are discusmd herein. .Although decay schemes were not 

investigated in most cases, it was discovered that i n  the case of the 3.5 

minute antimony iaome~ a double traasftion exiets rather than a single 

gamma ray aa previously reported. 

PaStiaL internal conversion eoefficisBtEa lave beem ealeubatsd ia 

I 
E. C. Campbell. and Me Goodrich, Phy~. Rev, B., 640 (1950) 
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four cwesl by eanpazing the number of eharaeterfetia x-rays with the nu- 

ber of - pcye d t t e d  by the radfoaetive isotope. This method of de- 

te- the internal conversion aoeffieient ia only applicable in eases 

where the decay selkremg, is known. 

X-rays %Pam three radioactive element8 hsrve been posititrely identi- 

fied either by the criticaL absorpbion m e t h o d  or by comparison with known 

fluorescent X-W~II. The fLuomareent yield for -ton and xenon has been 

measuredD 

Ac6010Bing to present ideas of nuelear stmetwe, the nucleus is 

constituted of protons and neutrons. A raystem of Z protom asnd IB neutrons 
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act ivi t ies  which have l a t e r  turned out t o  be ewes of nuclear isoaerism. 

Soma of these w?iU be didsoueeed in detai l  later. 

One of the first theoretical diaauesjlione on nuclear idsomeriem was 

given by von Weizs%&er.3 He pointed out that nuclear isomerism might be 

explained by the assumption that there is a large dfffereme of spin be- 

tween the metastable state and the gromdi state.  

where P(L) m e a m  the probability per unit t h e  of a transition between 

two  nuclear states by the emission of gama radiation of electric m u l t i -  

pole order $. 
the magnitude of the vector e p b  difference. me other ey&oh have t h d r  

E %s the energy difference between the two states and I, 

spin difference are inserted, U - l i v e 8  of sufficient length t o  make 

nuoleap ieomerism poseible. 

T h  trarmi%ion between t w o  energy state8 of a nucleus dose not 

necesaa,rily ccansiet i n  the Gmisdsion of a gauum raye As the outer elect- 

r o n ~ ~  especially those of the K and L ehelba, aomtf%tzte et perturbation 

of the nuelew, energy may be tapanefemed d%reetu froen the nucleus t o  an 
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outer electron which is liberated *on the atom. 

a8 intePnaa. conver&.on. When this phenomenon was observed %n the dis- 

integration of rdfuaa, f t  was first considered as a eonrsequence of the 

prfpcasg beta rqys that were emitted* 

This process is known 

The reh t%on between these energetfcaUy hmogeneoua electron 

group8 (conversion electrons) and the aeaompangbg gama rays was pointed 

out by I E L I E B . ~  He mggested that the energfee of the homogeneous groups 

of electrons emitted by natural radioactive elements ape equal t o  the en- 

ergy cha;rebcterist%e only of a petsticukr gamma ray ninue the energy nec- 

essary t o  remove the electron from the aton. 

ing the energy of the U e  spectra produced when various elements were 

irradiated by gimn gamma rays- 

homogeneous electron group wais added the K absorption energy (which had 

been obtained f r o m  x-ray data) of the elanent from which b t  oam,  and 

wfthin the l W t e  of experPfment&L error the 

ray xaa obtafned fromi  each elenent. 

This he verified by mtaeur- 

To the meamred energy of each 

energy for a given gamma 

In many nuelear seaet%ons ansi radioactive t r a w f o m t i o n s  the 

product nucleus ie lef t  in as excited etarte. 

ition (that is, a transition 09 a metastable sstate t o  a lower energy 

state of the ~ a m g  nuclew), a nucleus may give energy either t o  a gamnia 

ray or t o  an extra-nuchmr electron by the intern& convererion process. 

The t i t l e  “intermd eonvereion” eugges%$ag as it a-8 that 65 garmna ray f a  

In making an fsoanerfe trans- 
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of s 

leus 

conversion electron is due 

and the electron ejected, 

5 

to a direct fnteraetfon between the nuc- 

Experimentally, it is not possible to dia- 

tingulsh the two step process fn which (I) a photon is emitted, and (2) 

this photon frr absorbed by a bound eXectron, Prom the case in whkh the 

electron perturbs the nueleue and %nduoee a tramition to a lower energy 

bstate w i t h  the transition energy baing trawfemed, to the electron, 

Regardless of how one views the meehmical detaib of the conver- 

sion proeess, the tramition energy is e q d  t o  the energy of the gamm 

ray, which in turn 18 equal to the energy of the eonversion electron plus 

the binding energy of this electron in i t B  atode level. As a resat 

there may be sever&% conversion electrons charaeterietic of any sr%ql.e 

gamma rqy depending in which level the conversion deetron originates. 

ThEf internal eonversion of B gamts ray leaves the stoa ionized in 

ag inner electron shell. 

i s t ic  x-ray linee. 

x-ray quantum an Auger electron may be ejected. 

in more detail later. 

emitted foUowfng internal conversion makas it possible to assign the gam- 

ma ray tnm%tioa to a definite elemest. 

When this shsll sPilbB tha aton &ta  eharaeter- 

Sometimes, however, -tea8 of the aniseion of an 

"hie wiU be diaeueaed 

The identification of the chaeteristie x-rays 

The ratio between ths number of K ebetrom ejected by internal 

conversion aad the number of gamma quanta edtted is called the partial 

internal conversion coefficient for the K shell,* or eymbolica,Uy 

(2) MK 
*Y 

= - 
S i x a L k  definitions hold f o r  the.otbr &Us. The rat io  between the 
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ferenee in energy between the two levels (2) the Balm of the nuelear 

asgulsr laolwntm in the$ initial cand PizLl. stateaar, and (3) the parity 
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change in the nuclear angular momentum, and to the change in parity that 

the nucleus experiences duping the transition. For example if a nucleus 

has an excited state with angular momentum Io and 8 fundamsgtcib state with 

angular momentum I, the radiation of the Lowe& order, that is, the most 

probable one w i l l  be an electric or magnetic multipole of order $ where 

L = \It - I I 
called dipole. 

If L = 1, the multipole order is 29 and the transition is 

The parity change for the nucleus determines the nature 

of the multipole transition. The parity of a quantum state is odd (-) or 

even (+) accordiq to whether a reversal of the sign of 

exclusive of spin does or does not reverse the sign of the wave function 

coordhabs 

describing the state. 

that are both odd or both evens then the transition between them involves 

If a nucleusl has an excited and fundamental. state 

only electric multipoles of even order and magnetic multipoles of odd 

order* 

odd) electric &tipoles of odd order and magnetic mdtipobes of even 

order can done contribute to ths transition. The lowest allowed multi- 

If the two states are of opposite parity (one being even ant3 o m  

poles of the two types m e  sumnvuliad in Table I. 

Weisakopf5 calculated the followbg expressions for the multipole 

radiation probabilities for electric and magnetic r&ation of order L 

respectively. 

5Frivate3y circulated notea to appear aa park of a book on nuclear 
physics a 
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PARITY OF STATES OPPOSITE 

UNCLASSIFIED 
DWG. 11776 

ELECTRIC 2 L+I POLE 

TABLE I 

SELECTION RULES FOR MULTIPOLE RADIATION 

I L EVEN 

PARITY OF STATES EQUAL 1 ELECTRIC 2L POLE 

( + , +  OR -,-) 1 MAGNETIC 2 L+I POLE 

( + , -  OR - 9 + )  1 MAGNETIC 2L POLE 

L ODD 

ELECTRIC 2 L+I POLE 

MAGNETIC eL POLE 

ELECTRIC 2L POLE 

MAGNETIC 2 Lf' POLE 
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in which E is the t rami t ion  energy in MeV, axid I3 is the nuclear radiua 

in unite of 

o r  of" the nucleus this formula ie c.l&imd t o  be vaJ,id only t o  Within a 
+2 factor &lo" . 

mae Because of the lack of knowledge about the inter i -  

Table I1 showa the estimated half-lives given by these fomulas 

for  va;pious f ic t i t ious  gcumna radiations from a nucleus having B = 1.5 x 

( . Ioo)~/~ x 1 0 ~ ~ 3  c m  (ice. A = 100). These resats  appu o m  t o  a bare 

nucleuef, and do not include the exbra transitions int3uced by the perturbs- 

tions of the orbi ta l  electron cloud. 

Heither L nor the parity change is  directly observable from gamma 

radiation. As a result, a direct examination of the gamma rays from a 

radioa,ctim s-le XiU not dieclose the nature, of the t rawi t ion  that 

gave rise t o  them. 

internab conlrerefon coefficient, and angular correlation between succes- 

aive gamw rays gives information regaraing the order and the type of the 

rad%ation. 

However, a howledge of the half-life and energy, the 

If comereion electrons are emitted when a nucleus goes from an 

excited state t o  a lower state, the observed lifetime will be less than 
6 the estimated lifetime f o r  gamma atn%tmion, According t o  Taylor and Mott 

the actual decay conatant is given t o  8 vex-y gooil approximation by the 

sum of the decay constant for the gamma radiation with a bare nucleus and 

the Becay eonsltant corresponding t o  the t rami t ion  probability induced by 

the eleetromo Thus the W - U f e  of an excited etata, 7 , is given by 
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lo7 SEC. 

1OI3 SEC. 

TABLE II 
APPROXIMATE EXPECTED HALF-LIVES FOR 
GAMMA EMISSION FOR ELEMENT WITH A3100 

1 0 1 e 5  SEC. io10 SEC. SEC. 18* SEC. 

I O .  SEC. I SEC. lo7 SEC. id4 SEC. -6 5 

Ey - (MEV) 

0.0 I 

1.0 

TYPE 
E L K .  

MAG. 

ELEC. 

MAG.  

ELEC. 

M A G .  

IOIOSEC. I io -3 . 5 SEC. I 103 SEC. I IO~OSEC. I 1017 SEC. 



in which 

ternal conversion coefficient. 

may be obtained from equat$on ( k )  or (5)$ and OL is the in- 

Internil. Conversion 

The Blstohan%em by which a K or L electron ia emitted in a nuclear 

tramition laas been described by Taylor and M ~ t t . ~  The nucleus consists 

of a quantupl-mechnicd systen carrying a charge, which possesses a series 

of stationary akrtee, and it is in an =@it& state when gamma rays axe 

about to be emitted. An.electron b the exbereal atomic system can thus 

interact with the electromagnetic field of the nucleus. As a first ap- 

proximation in which the retardation*ia neglected, the energy of interac- 

tion of the electron and the nucleus irs given by 

in which aad 

particle and the electron from the center of gravity of the3 nucleus, and 

are respectively the position vectors of a nuclear 

P ?  and Pe are ttie eomeepondi~g charge aensitiea. H l c l + \ p  
which will alwayi be true if the contribution from the region ;inside t h e  

nuoleus is neglected, one nay make the Taylor expaneion 

'E. 1. Taylor and M. F. Mott, Woe. RoyO Soc. Aa38, 663 (1932). 
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Since pH =vL 
the first term give8 no transitions and that the second term is of the 

with yfH and vm orthogonal, it is clear that 

is 9 di ole moment of the nuclear charge distri- 3 Da re 

"e 

is just the static potential for a di- bution. The quantity 
3 

3 
pole of laament & situatedl a% the origin. 

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

2 
order %i in which €$ = [J pH yB dVn is related to the quadrupole 
aoaent o f  the nuelear charge distribution. 

vill depend on the various nucley 2 pole momenta, Ebnd the transition 

probability of the sleetrone froat etete wie to state qfe will vary 

In genaral the succeeding term 
L 

roughly 88 I @ 1 2 o  

Ths internal canveraion coefficients e m  be accurately calculated 
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I 

0e;llrpls originate in the excited nuclei of atom apd they 

represent the energy difference between an exoited state anhl a lover en- 

eg'gg a t a t e  vhioh m y  QP may not be the g m d  bevel, of the nucXeus. 

lbat ie, betwesethe initial and. the ground states there m y  exiet sev- 

eral porssible energy levoleo A brief et~mey of the sewr&L waye in  

whioh the energy of a ray may be oxperimentaUy measured foUows. 
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C r y a t a l  Reflection Method 

Since gamma radiation consists of electmmagnetit waveB, physical- 

l y  identical in nature to very penetrating x-rays, the wave length of 

gamma radiation can be date-ed by the ~ a m e  technique used in evaluating 

the w~ve  lengths of x - w s .  

length 

if the equation 

It was shown by Bragg that x-rays of wave 

incident on a crystal at a grazing angle 8 would be refleeted 

n = 2d sine (n = l,2,3 . e - .  ) 

were satisfied, where d is the lattice distance of the crystal. An in- 

tensely radioactive sowee is required since the eryratal subtends only a 

smal l  solid a.ngle at the souree and since the intemity of the reflected 

beam ie only a s m U  fraction of the intensity of the ineident beam. 

C r y s t a l  reflection measurements of gemma m y  energies yield, greater aceup- 

acy than any other lriethba. The range of applicability of the instrument 

J 

is limited by two diffieultieso 

length 

capable of satisfying the Bragg l a w  with a refleeting angaY Q large enough 

to be accurately determined; asd furthermore9 the reflecting power of the 

crgata l  planee diminishea with di~~inishing wave length about as x2, 
thus causing a rapid loss in intensity at Ugh energieso 

Ih~Mont3~  have reaently neasured gama ray8 with energies above 1 Mev by 

this method. 

For energetis gammra radiation the wave 

becomes so BmsM that no satisfactory crystal berttiee is known 

L%Bdp B~own and 

Absorption Method 

Gamma ray energies are fPequeetly msaeuped by their absopption in 

A. LiM, J. B. Brown and J. W. DuMnd, P4ys. Bev. T66, a838 _. 
(1949) ' 
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various materide such as leadb tin9 copper, dL&paat, etco 

i s  reliable if only one or two gama  ray^ are present and if the two garma 

rws axe of energies not too close to each ether. Th& energy of the gsmma 

rs3y is obtained by compcapd,ng its abeorption with that of gamma rays of 

known energy in the @am absorbing m~&eriaJ. In pmetice, eatsndard 

curvts" 

This nethod 

used rehating energy to the tMshees of abeorbes required to 



energy than those scattered i n  any other direction, 

ray because of: thefr rest masso Aaps additional energy possessed by the 

creation, goes into hparting Unet ic  energy t o  the pair. 

Tim energies of the secondary electrom produced the above =en- 

tioned processaes slay be datemined by absorption %aa a b w n a  or beryllfum, 

by deflection of the eleetmne fn electric and/or 

path lengths 19 a eboud cherniber, or froa the ebmount of fluorescence pro- 

t f c  fields, *on 

duced i n  certain crystals by the electrons, 

photoelerctric procese except that the h-ittse&a conmreion eleetmzw emitted 

in the erne nuclear trmeitiorrha that prQBuce the gaama rays are measured, 

e lec t rw  ejected to the nWer of L electrons ejected f o r  a given nuclear 

trasaitfon i s  not a% a m l y  predhted 

ejected from a eeeondss;g = t e p i d  by g 

the m t f o  of K t o  L photoeleetrons 

rqs resdting from the given 

nuclear transitionl The K t o  L ratio for conversion electrons depemb on 

f t i on  giving rise to the liaultipole order and the energy ~f .the 



quite different fronthe intensities of the conversion electrons arising 

froa them, and it is only in cases vhese the internal conversion coeffic- 

ients are known that reliable infomation about the relative intensities 

of gasma M~JTS can be obtained A.aan their acconpnying conversion electrons. 

Proportional and Scintillatiam Counter Method 
I 

This losthod has been used to obtain the energy measurements 

presented in this dissepW$ion. The method will be described in detail in 

the next cbpter. In general it is lees laborious and is less time con- 

suming than the previously discussed. methob, and generally the experi- 

mental set-up is less intricate. 
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Proportioaal Counters 

A atudy of electromagnetic radiation with proportional counters has 

been undertaken. 

wire (a few mils in diameter) in a gbss and/or netal cylinder (a f e w  cen- 

A proportional counter generaw eonsista of an axial 

timeters in diwter) e A large variety of gases ean be used and at 

pressures wing from a few mm Hg to many atmospheres in filling the 

cylinders. . A  p~oportlonal oounter w i l l  provide an output voltage pulee 

which i a  proporbional to the number of primar;g ions produced within the 

counter by the ionizing particle. 

A stpdy of the mechanism of proportional counters ha8 been made by 
1 

various authors, 

suppose an ionizing particle produees PJ priwwy ion pairs (electron and 

positive ions). 

the low electrostatic f i e ld  (E, GC l/r) which exist8 throughout =oat of 

the counter volunte until they reach the inmediate vicinity of the wire. 

the verg high field near the wire the electrons w L l l  gain sufficient en- 

ergy f’romtha field in one free path to ionize a gas atm. As soon as the 

ionization by collieion starts, two eleetrons are In evidence -- the orig- 

inal one glue that liberated ia ths collision. T h e m  two electrons proceed 

&nd only a brief deecription will be presented here. 

The electrons will be impelled toward the center wire by 

In 
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toward the wire, making further eollieions. Since the field increases to- 

ward t& Wire, i f  ang @ne collision is ionizing, all. subsequent collisions 

are likely t o  produce lonlzation. Since two electrons are available a f te r  

each collision there will be progpessively more electrons pmiuced as the 

ini t ia l  one travels toward the wire, and an avahnckas of electron8 is said 

t o  have been formed. 

Acoopding t o  the discharge mechanism stated above, a change i n  po- 

t en t i a l  of the center wire w i l l  be produead by the inductive action of the 

positive ions as they crom the counter. The change i n  voltage may be cal- 

culated as follows. 

wire, and aasune that there is a spaoe charge sheath, of negligible thick- 

nos8 and of eharga q per unit length, of positive ions at a distance r 

Let  Q be the charge per unit length on the counter 

from the axis of the counter wire, extending f o r  a length L along the 

counter. the wire pontential, V, will be given by 

where rc end rw are the radii of the counter cathode and wire, respee- 

tively, and c = (2 In re/rW)-’ is the capacity per unit length of the 

counter. 

rounded by the positive ion sheath, together with the other bodies at- 

tached to the wire, 

It f o U m  that V = Ql/Cl. 

counter have been collected (the mobility o f  electrons is much greater 

than that of popritim ions, aad it f a  seeurnad that all the electrons are 

Let C1 be the capacity of that portion of the wire not sup- 

aud let Q1 be the to t a l  charge on them, from which 

Af’ter the electrona which were formed i n  the 

collected on the wfre before the positive ions have moved apgraciabbg), 

the following relation exists between the charges. 



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

where AV is the cha,nge in potential of the center 

at a potential To. Since cL + Cl = C is the capacity 

and those portions of the detecting circuit connected 

( 12) 

wire which was initially 

&V may be expressed as follows. 

where A is the gas asnplification and equals the total 

of the central wire 

electrically to it, 

number of avalanche 

electrons reaching the center wire for eaah initial ion pair produced, and 

e is th. charge oil the electron. 

lected (i.ee9 r = re) the output pulse f r o m  the counter w i l l  be equal to 

me/C. 

When all the positive ions have been col- 

 he time required for t b  output pulse to reach maxima is 10-3 see. 

In order that the proportional counter will have a sore rapid dis- 

charge rate, the output pulse is generally differentiated by a RC circuit 

with a the constant that ie splort compared to the collection time of the 

positive ions. 

not a serious handicap since the gas qlification can be made quite 

This leads to a reduction in signal amplitude, but it is 

6 large (4.0 ) e  

The gas amplification A depends on the wire radius, the capacitance 

of the systemo the counter voltage, the pressure of the gas, and the kind 

of gas. Because the gaa amplification is an exponential function of the 
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voltage, the Ugh voltage m u s t  be kept corntat in order to prevent any 

chaage is the gain occurring while measwmente are being made with the 

counter. There is a,n inherent fluctuation in the size of output pulse due 

to the statistical nature of both the number of primary ion pairs produced 

and the gas anplification, but this miation is not hwge enough to im- 

pair the inetPument*s utility ae an energy measuring dertceo 
2 

in order to stabilize the gas anplification. 

mo1ectd.e is to suppress the liberation of dectrow at the cathode by 

ultra-violet photons and by positive ion bombardment. 

Bose and Isbp%% reconmend the addition of a polyatomic constituent 

!Phe effect of the polyatonric 

The low field region at either end of the counter must be kept at 

leaat one counter diameter away from the counting volme to prevent part- 

icles from enter%% this region. 

large compared to the maximum path length of the ion%z$ag particle in the 

sensitive volume. 

produced by the ganmra ray dissipate only a portion of' their total energy 

Within the counter, the spectpllln i s r  distorted becatme such electrons would 

be recorded aa having lower energy. 

Jargar counter necese&rrq$ and thie raqufrenent limits the useful operating 

range of proportional countere. 

have a wx~dmum absorption of the fncfdent radiation in the gas and a min- 

ipnnn absorption ie the wallp since the photoebectrone released in the w a u  

laaterid VlU emerge with great3.y reduced energies. 

The aimensionis of the counter must be 

If an appreciable frssetion of the prinaapqg electrow 

Thus higher energy event8 make a 

It f s  also errsentid that the countere 
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Sodium Iodide Crystab Detectors 

ScintiUation spectrometers can previae energy meas&ementB over a 

much wider range than proportioeaJ, counters and are &eo more seneitin, 

but at the present time they do not have as good resolution as proportion- 

al countere at the same energy. 

G a m a  rays interact with matter by the three weU-lmown processes 

of Compton effect, photoelectria effect, and pair production. In the ease 

of a N a I  crystal  with a small tbUium impurity (about 0.05 pes cent by 

weight), the photoelectric proaess is the predominant one for gamm rays 

having energy below 500 kev, A gemma ray Beteetea by the crystab loses 

ita energy i n  exciting and ionizing the molecu.les of the c r y s t a l .  

molecules then r-ate energy in tbe form of l%ght wMoh is the phemmenon 

These 

upon which the operation of 8 scintillation counter aepenae. 

A scintiUtion counter wlhs built  us- a 1.5 inch diameter and 1 

inch thick H a l  crystal- The crystal was placed i n  a l ight  tight 10 m i l  

thick aluminium can a d  sealed with mineral o i l  to a lucite light piper. 

The light piper was fastened to a RCA-5819 photom3.tiplier tube with Canada 

balsam. 

The photom2tiplfer twists of a photoca%hode, which converts a 

fraction of the photons fallieg on it into electrons, foblowed by a serie8 

of dynodesg each at a higher potential than the preceding one. Electrons 

photoelectricalQ emitted fronthe cathode are &ram to the firat Qmode,” 

with a secondary emisstion ratio greater than unity, secondary crle&,rons 

are emitted which, in turn, give rise to BB atnpLi%ied current at the 

next dynode. 

originsl pbtoeuappmt $8 =p.utisa B~ f o ~ ,  where R is the s e e o m  

By the time the electron sttmam has reached the mobo the 
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electron eBziss3ion patio9 and n is the number of dynodeso 

a RCA-5819 tube which has 10 dynodes, an amplification factor of a mfllian 

FOP the ease of 

xould not be difficult to obtain.  Aet- the nmber of eaeondary elec- 

trona p~oduced at  each dynode WfU q i n  a s ta t i s t fca l  m&gner9 eo that 

the pulses are not all the same height. Morton and MitcheU b v e  ehom 

t h a t  t he  sp~ead  in pulses due t o  t h i e  s t a t i s t i e d  fluctuation is small corn- 

3 

pared t o  the spread i n  the origimJ number 0% photoebeetrom. 

The size of the output pulse from a Ea1 Counter is very closely 

proportional t o  the ineident gamma ray energy over a wide range: of ener- 
4 giea aceo~ding t o  Bell. 

Electronic Equipment 

The output pubes frm the detectors whfeh were described eaxlisr 

are trammittad t o  a Model Abb lhear preanpaffier ( t n e  B) asrd anplifier? 

through a coaxial cable. Mter be- suitably amplified, the pulses are 

then applied t o  the vertical plates of a Dupiogt type 248.A cathode ray 

oecilloseope. 

fier initiates the osciUoscope sweep cireuit, 80 t h a t  a l l  observed p-es 

begin f r o a t h a  B ~ B B  spot on the oeeiUoecope soreen. 

is set for appropatealy 5 microsecondsd 

recorda and t o  make better assilgdjis 0% radiation 8 

Simultaneously a eonstant voltage pulse from the AJ. ampli- 

The eweep duration 

In order t o  obtain permanent 
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the Padiawtive nuebei being e.malnAB. 

wit io a h m  in  Pig. le 

A block diagram 0% the entire cir- 

Preparation of Samples 

the raoaetive nuclei. were produced by neutron irradiation 

within t b  O a l R i d g e  pi le  through the uac tal! the fast pne-tie tube Oacil- 

i t i s a  daaigasd by Dp. Mward Co d;a,apbell. A emall ample of the order aP 

25 mg/em2 of" tfab material to be inmetigated (usually an oxide 02 powdemd 

=tal) i e  stuck between tao.Seot& e e l l o p h ~  bp &%aka 9/16 h c h  %n di- 
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pa3.allel to the Bmsll dhension, into which the sa;taple i a  inserted. The 

"rabbit" puae through an aluminum tube (1 x 1/2 inch) powered by eon- 

premed e a r h  dioxide when go- back and forth iato the pile. 

ray trip takas lese than 113 aeeond. The 8amp.b uaudly remailas fn the 

pile between one eeeoad and one minute depending upon ite croee-aection 

a9a half-life. 

a lucite section of tubing which is tramparent to gmtm radiation, SLBd 

by having the deteGtor placed new the stopping position of the "rabbit", 

observation of the gama rad9atfon nay be begun immediately after the 

sample ia brought out of the pile. For nuclei with half-lives of the! or- 

der of a minute or longer, the sample may be removed fromthe tube and 

"rabbit" before obselpvfng the radiation. 

background due to the "rabbit" and aay eontamination from the pile which 

mi6ht have aaoumuhtcd Ira the tube. A batter georaetry %a a l e 0  obtainable 

eince the saaple e89 be placed nearer to the detector by reuovbg it from 

the pneumatic tube before exEItpiniDg the radiation. 

The one- 

Upon withdmwcd from the pi le  the "rabbit" is stopped in 

T h i s  procedure elimimtes the 
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The first attempt in the present resew& t o  detect low energy 

gamma rayrr ( <  50 kev) was made us- an argon-rnet-e fiU& proportion- 

al counter designed afm%lar t o  the one u m d  by Bemte in  others 1 at 

Brookhaven rJatioadil Laboratory. Braes tubing a2 inches long and 4. incherr 

in diameter was uaed t o  naagd the counter aheU. The e a t e r  wire is 4 mil 

tungaten; it b~ supported br a Ema~ seal at one end and is faetened rig- 

idly t o  the aopper pbate vhich seabe tb counter at the other end. A 

bead insulator w88 iwerted ia the center wire about 2 inches from 

the end plate  le order t o  isolate  the high potential from the a h e l l .  

Heavy lsade were brought 59 at .least 2 inches t o  prevent f ie ld distortion 

at the eomter e&. A 30 mil thick beqUf\na. window %e mounted in the 

raids of the eowlter t o  admit radiation into the eexlsitive volume. 

mute r  is filled t o  atmospheric pressure with a mixture of 9 6  argon and 

I@$ methane. Iphe p r e a m p ~ f f e ~  1s cgnnected rig%- t o  the counter t o  pro- 

vide ehetroetatie ehieU3.q~ and t o  remove the wed fo r  a sable between 

them. 

center wire axld wlth the  shell or eathob grounded, f i c h  is adtrantageoue 

f’xm a &sty standpoint. 

The 

Th6 eoueter is operated wtth a poeitive -00 voltsr applied t o  the 
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Fige 2a shows the x-raga frm SbZ2 as detected with this counter. 

A sample of iaotopicaUy enriched SbE1 was irradiated in the pile for one 

minute, and this photograph was taka while the sample decayed. 

exposure time amounted to one minute and began immediately after the 

sample was removed from the! pile. 

The total 

According to der Matcosian and Goldhaber Sba”22 has a metastable 

state wbieh decays with a 3.5 minute balf-life by emitting a 68 kev g a m  

ray (more will be said about this point later)o 

thia gama re,y is internally converted. 

of conversion electrons, x-rays characteristic of the shell from which the 

electrone ewe should be aaiitted due to the exiating vacancy in the elec- 

tron shell. 

It is to be eaected that 

Immediately foMowing the emission 

The picture shown in Fig. %a r a s  made with a lucfte absorber 

placed in front of the counter window in order to atop aM beta radiation 

and Auger electrons. 

lower line is the Cu K x-ray caused by the fluorescent radiation produced 

la the counter walls by the antimony x-rays. 

er as a function of the energy of the incident radiation is too l o w  to 

detect the 68 kav gamma ray9 and the Sb L x-rays are too soft to penetrate 

the lucite abeorber. The total nuaber of pulses registered in making this 

photograph was over fifty thowaxad. 

The top line shown is due to the Sb K x-ray9 and the 

The efficiency of the count- 

During a discussion with Bp. C. J. Borlwwski about various details 

concerning some of my results with the brass counter, he suggested that I 

use a thin wall Ekk and Krebs type counter which he developed and has .been 

*E. der &teosian and 1. Coldhaber, Phys Rev. 82, U.3 (1951). 
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usbg quite successfuJJy. 

the brase one that I had built is its much smaller size. Because of the 

high backgrom prevalent in the vicinity of the pile, this new counter 

could be mueh more easily shielded. 

ate the radiation shielding altogether in most cases. 

mation, the background counting rate is proportional to the sensitive 

voluare of the proportional counter. The brass counter has roughly 25 

times the volume of the glaes type counter, Ebnd its background counting 

rate is larger by a similar factor, but this disadmtage can be eompensat- 

ed for with sufficient shielding. 

investigation, however, wild. ionize the shielding material whfeh will then 

emit fluorescent x-rays eharaeteristic of this material. These x-rays are 

One big advantage of this type of counter over 

Actually, it was possible to elhiin- 

To a first approxi- 

Stray radiation from the source under 

readily detected by the counter, and they are often diffiault to dis- 

tinguish from the x-rays emitted by the true sowee. 

Fig. 2b shows the x-rays f r o m  Sb122 as detected with a thin w a l l  

Eck and Krebs type counter filled with 60 em krypton and 6 cm methane. 

The counter is made from 19 nuti 0 . L  glass tubing with 5 anSl  wall upon the 

inside of which a thin layer of silver is deposited to serve as the eath- 

ode. The overall length of the tube is 8 incheta with the eounting region 

confined t o  the central 3 fneh section. A8 a protective covering and for 

eleetFostatic shielding the glass tube is eneloaed in a one inch 0 - D .  alum- 

inus tube in which a window is provided for the sd;olisssafon of radfation. 

A 4 m i l  center wire of tungsten f a  the anode which operates at approzi- 

mtely 2lOO volts. m e  counter is likewise eonxrected BireetJy to B pkb- 

Wlif ier . 
The top line in Fig. 2b shows the Sb Kx-ray Just as in Big. 2a in 

the ease of the argon counter. The double l b e  appearing %a the anieldle 
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of Big.  2b has a different origin from any line shown fi Fig. 2a. When- 

ever an Sb K x-r8,y produces a photoelectron f r om the K sheba of -ton, 

there w e  two possible events that can occur. The io9%zed krypton atom 

wfll either emit an Auger electron or its own characteristic K x-ray. If 

the Auger process oecursg the entire energy of the hcident x-ray is spent 

in the counter, asd this produces a pulse whose height is equiWent to 

the incident K x-ray energy. 

has a good probability ( n~ $8 per cent) of escaphg from the counter and 

If a IC x-ray iha dttad by the krypton, it 

thus part of the energy of the incident x-ray is lost, 

the double line shown in Fig. 2b where the fainter bine is due to the g f 3  
radiation of antimony minus the krypton K x-rag energy (13 kev) and the 

W s  accounts %or 

heavier line is due to the E& radiation of antimony dnua the krypton K 

x-ray. This point Kill be proven shortly. The resolution of tMs instru- 

ment as neasured by the ratio of the peak width at one-half mrurfmum in- 

tensity to the peak energy is 14 per cent. Thie is not sufficient to dif- 

ferentiate between the II;r and % lines of antimony directly, but when a 
constant energy is subtracted from the incident E; radiation (due to the 

escape of a krypton K x-ray), the percentage-wfee difference between the 

J& and % lines is increased asd they are resolved a8 shown fi Ffg. 2b. 
It should be pointed out that following the emission of a K x-ray in the 

-ton there may be I,, M, stc. x-rays emitted as well as Auger electrons 

Barn these shells, but these are readily absorbed w-ithh %he counter- Like- 

wise, in the event that the photoelectron comes from outside the krypton 

€C shell, any subsequent radiation is absorbed In the counter, aad this pro- 

duces a pulse whose height is equfvaLent to the energy of" the incident 

rsdiation. The total nmber of pulses registered in. m a k b g  the photograph 
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shown 19 Fig. 2b was about a hundred thousand. 

As 18 the case of the argon counter, the efficiency was too low to  

detect any unconverted 68 kev p m a a  rays and the antimony L x-rays failed 

t o  penetrate the luci te  absorber which is needed t o  stop the beta rays. 

In the case of the thin wall glaes counter there is no evidence of any 

fluorescent x-rays from the counter walls. 

ently no appreciable fraction of the argon K x-rays escape, which could 

With the argon counter, a p w -  

be due t o  the larger size of the counter. 

probably too poor t o  detect the lese energetic l ine which would result if  

Howeverb the resolution is 

a K x-ray of akgon did eBcapes since th$$ l ine  would differ  in energy by 

only 3 kev from the t o t a l  energy availabh (26 kev) e 

Fig. 3 shows the x-rays from 330 day Cd’09 as detected b r  a kryp- 

ton proportional counter. According t o  Bradt and others,3 CdbW decays by 

K capture t o  an iscmeric state of 

gamma ray that is  highly converted and h a m  a half-life of 39 seconds. 

which subsequently emits a 89 kev 

Since the K capture process leave8 a vacancy in the K shel l  and at the same 

time the nuelcsaP charge has decreased by one unit, K x-rays chsrQcterlrtlo 

of the daughter element will be emitted as the mislaing K electron is  re- 

placed i n  order t o  render the atom electrically neutral. 

K uapture process sn81 the Internal conversion process give rise t o  si lver 

x-rays i n  the decay of Cd’e. 

inserted between the Cd109 aoupoe ead the krypton counter. 

t ion edge of pallaaim i e  at 24.4 kev and any r-ation elightly =ore 

Thus both the 

In Bfg.  3b a paUa&iUpa absorber has been 

Tlae K absorp 

3H. Bpadt, P. C. Gugelot, O1 Huber, H. Medicus, P. Preiswerk, 
P. Schemer and B. Steffen, Helv. Phys. Acta 12.3 (197) 
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energetic than this w i l l  be strongly attenuated while slightly less ener- 

getic rays w i l l  suffer little attenuation. 

an energy of 25.0 kev and are cZearby seen to be strongly absorbed by the 

palladim; whereas, the x-rays of silver have a.n energy of 22.2 kev and 

are trensmitted. F%go 3b was given three times the exposwe of Fig. 3a in 

order to give congarable intensities to the two photographs. 

The 5 x-rays of eUver have 

Calibration of the Proportional Counter Speetrometer 

A typical energy calibration of the krypton counter is shown in 

Fig. 4. 

x-rays emitted from radioactive 

x-ray sources. 

Fluoresreent x-rays from thin metal foils excited mainly by the 

(9.2 hour half-life) were used as 

were absorbed with a 4 The beta particles f r o ~ a  the 

one centimeter thickness of beryllium which has a good transparency for 

the x-rays. 

er efficiency was too luw to detect them 

after penetrating the beryllium absorber, were dllowed to faU on a t u n  

sheet of the appropriate element whieh was pheed in front of the counter 

window. 

were not sufficient to mar the photographa that were d e  of the fluor- 

escent x - ~ s .  

The hard gama, rays emitted were not bothersome as the count- 

The x-rays f ~ o m  europium, 

Some europium x-rays panutrated the radiator element, but these 

This aethod proved lnuch more satisfactory than the use crf 

an x-ray =chine which fiad been previowly tried. It was aimeubt to ob- 

tain law enough intensities with an %-Pay laaehiBs, and there was always 

a continuous background of white radiation in addition to the character- 

istic liLW8 sought. 
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FIG. 5 
X-RAYS FROM Cdio9(330d) AS DETECTED BY KRYPTON 
METHANE FILLED PROPORTIONAL COUNTER 

35 



In order to determine the aecwaey of the intensity measurements 

obtained from the fihna, 8 series of expomree to the same source for 

vasioaw periods of time were included in the f i l u m .  A plot on log-log 

graph paper of the f i h  opacity (the reciprocal of the traneparency rela- 

tive to the blank film) as measured by the mieroghotometes, vereus the 

exposure time reeU%& ;baa a Btraight line with a slope of one provided 

that %he opacity was not less than 3 nor more than 30. In order to make 

relative intensity mxmmements outside of %hie rage, corrections must 

be applied to the microphotometer readinge, 

A5 8 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 silver K x-ray63 emitted from 330 ckiy C d O 9  as de- 

tected with a -ton proportioa counter. F& a s i ~ i s i o ~  cs %he pu~~ers 

between the two main peaks depends on the fluorescent yield of krypton 

afld is independent of the incident radiation. 

given shell of an atom .is defined 88 the ratio of the number of x-rays 

emitted in transitions to that e h U  to the number of vacancfee fomned in 

the shell, 

-ton e ~ m t e r ,  there are two different ways in which the vaeaey msy be 

filled; either a characteristic K x-ray is enitted when an electron faMs 

in $ ~ m  a bigher Level 

more Auger electrons ejeeted from higher electronic levelse 

energy peak observed in Fig6 5 ie produced by the Auger proeeas occm€ng 

The fluoreecent y ieU of a 

When a photoelectron is ejeeted from the K shell in the 

the esmesporidigg energy is given to one OP 

The high 



I' 

I -  . 

. 

in the krypton counter, 

produced when a krypton 

photoelectric3 prooees. 

to the total. area &er 

37 

and the bower peak (actuaba$ a double peak) is 

K x-ray escapes from the counter following the 

The ratio of the area mder the *'escape" peak 

both the weseapeP and the W energy peak wiU.  

give the fluorescent yield for the IC she22 of krypton if two comections 

are made. 

found by numerical integration to be 53 per cent, 

The fraction of the t o t d  pubes in the 'tesc3apew peak was 

The! first correction to be made is due to the reduced intensity of 

the mescape" peak caused by the reabsorption of the K x-rays of krypton 

in the counter gas. 

-ton for its own K x-rays is 30 cm /gm as given by J6nmonsa "Univer- 

sal" absorption e w e  (see Compton and Allison ) which is chfned to be 

Tkae v&lut for the m s e  absorptioxa coefficient of 
2 

6 

accurate to 2 3 per cent 

following fornula due to 

nary of the expeTimental 

19 most casts. 

Walter (see Compton and Ua%sonT) based on a sua- 

d a t a  available on x-ray abeoaPption. 

T M s  value le confirmed by the 

where 

b L =  

Z =  

A =  
A =  

m e a  absorption coefficient for inoident x-rays. 

atomic number of the absorbing material. 

wave length in Angstram of incident x-raye. 
I 

atomic weight of the absorbing material. 



. 
38 

This formula applies only to wave lengths between the K and L absorption 

edges of the absorbing element. The mass absorption coefficient of kryp- 

ton for ita own K x-rays ie 

83.7 
A value for the mas8 of -ton per 

(15) 
2 = 28.3 em /spa 

square centimeter as seen by 

the krypton x-rays is not easily calculated because of the counter gem- 

etry and the conplex spacial distribution of the fluorescent -ton radi- 

ation. An absorber thickness equal to the counter diemeter (1.8 cm) f 

25 per cent should be a valid assumption. 

60 cm Jig and 24’~ this gives a value of 4.8 f 1.2 =/an f o r  the average 

thickness of the krypton gas as seen by the -ton X-PEL~S. 

For krypton at a preeeure of 
2 

Substituting in the w e l l  buun absorption formla (1 - e--) gives 

13 2 3 per cent cas the fraction of the krypton K x-rays absorbed within 

A seeand correction fs necessary to atxount for the ineident radi- 

ation absorbed in the L, M, ...- shells. S h e a  approxiatstely the total 

energy of the incident x-ray is then spent in the counter, this process 

cannot be dfstinguiahed f’~a K absorption vlth subsequent anissfon of an 

Auger electron. shells Ths ratio of the absorption in the K8 LB M, 

to that in the I,, Y, shells is known at the 4 absorption edge for 

moat elemnts, and It is assumed that the ratio ie the 8-e for energies 

not much greater than the K bindieg energy. For the case of -ton this 

value was calcubted fioa an empixic82 formula due to JQmon (see Cap- 

ton and Allison ) eince there a m  very f e w  measurements of the x-ray 7 

absorption cafffeient of krypton reported in the literature. Jbnson 
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finds that the mgnitude of the K absorptdon Jump isr well represented by 

the ratio of the elsergies of the K and LI electron states. 

with experiaental results indicates that this relation is accurate to 

Comparison 

2 5 per cent in moat ease@* 

7.4 2 0-4 f o r  the absorption jump. 

tion in the L, M, e o  *. shells constitutes a fraction ( 7 . k  2 0.4)-' or 

F O ~  -ton this fomu~-&+gi'~es a d u e  of 

It follows, therefore, that the absorp- 

13.5 2 0.7 per cent, Absorption of x-rays in the netbe was neglected, 

since it is very 8neCL.l compared with that fia -ton. 

Beae  two correctiorm give the f i d  value for the fluores- 

cent yield for krypton as OoqO 2 0.03. This value agrees wfth that found 
8 by West and RothweU (0.67) who wed a similar method for determining 

the fluorescent yield. 

gaees by obsendng the abun-ces of Auger electrons in 8, large number 

of K ionizations revealed by the photoelectron tracks in a Wilson cloud. 

chamber. 

track with it whose length corresponds to the ejection by a K series 

line quantum of an electron from an outer shell  in the atoa, this atom 

must have emitted a characteristic K x-ray. 

that 136 were acccqpanfed 

eion of one of the K l h e s ,  hence he obtained a fluorescent yield of 

0.51 for the K shell in -ton. 

Augez? measured the fluorescent yield for g~apious 

If such a photoelectron track is observed, and b e  no associated 

In 320 instances Auger found 

an electron arising from the internal comer- 

Fig. 6 a b w ~  the x-rays from CdLW as detected by 8; xenon counter. 

This counter is idezxbiCaa. with the -ton counter previously described 

8 

'P. Auger, A m .  de PhyS. Gp 183 (1926). 
Ds West a9B P. Rothwell, Phil. Mag. &, 873 (1950). 
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except that it is filled with 60 an Eg pressure of xenon and 6 cm Hg of 

methaneo 

responde to the incident K x-rey energy. 

energetic enough to excite the xenon K x-ray (30 kev), it must be ab- 

sorbed in the outer shells. 

that is subsequently emitted by the ionized xenon atom are readily ab- 

sorbed in the counter. 

total energy of the photoelectrons plus Auger electrons w i n  be very close 

to the energy of the incident quantum. 

In the photograph there is only one line present, and this cor- 

Since the radiation 1s not 

Both the Auger electrons and the x-radiation 

This means that in the absorption process the 

~ i g ~  7 show~l the x-rays groan 9.2 hour ~ & 3 2  as detected by a 

xenon counter. 

it is known that K capture occurs in addition to several beta and gamut% 

trknaitions.l0 

not known from what nucleus it arises. 

ted duping the decay of 

low the K capture procese, 

placed betweem the source and the counter in order to abaorb all the beta 

rays. The peak at 41 kev is due to the abeorptbon of the total energy of 

the incident K x-rays. A s  stated before, the resoLution of the spectrom- 

eter is not sufficient to resolve the % asB ga x-rays directly. The 

peak at ll kev is due to the incident % radiation and the caubsequent 
escape frm the counter of xenon K x-rays. 

kev results from the detection of the % radiation followed by the elseape 
of the xenon K x-ray. 

The decay scheme of Eu15* has not been determined, but 

One of the transitions is h t e r n a l l g  converted, but bt iB 

There are  probably x-rays emit- 

other than the s-im K x-rays which fol- 

A one centimeter thickness of beryllium W&B 

The less btenae g& at 16 

The 6.5 kev peak is produced by the incident L x-ray8 

"5.  M v  Hi= and L. R .  Shepherd, Ppoc. Phys. Soc. a9 L26 (1950). 
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as the relative height of this peak %a decreased by interposing a thicker 

bergllium absorber between the sasple and the counter. 

In a nethod analogous to that wed for measuring the fluoreacent 

yield of kryptonB the fluorescent y ieU for the K shell of xenon was cal- 

culated, a d  it is found to a d u e  of 0.83 2 0.3. West ersif Roth- 

weUu give a value of 0.81, and Augeru obtained a value of 0.71. 

The p U e  height a.naJyzer darta in the pre9ious figures were super- 

posed on the microphotometer tracings by normalizing the ibata 80 that 

the more energetic peak bights eoincfite. 

that the "counts" or o r d a t e s  are plotted to a logaritkilnic scde. 

It should also be pointed out 

Counter Efficiency 

In oraer to meaBzLpe the counting efficiency of the xenon propor- 

tional counter described earlier a8 a function of tbe energy of incident 

radiation, a second counter was obtained whi6h is identical to the first 

except it was fined to 0 1 4  one-half the pressure OB the firat, 

1 is filled to a pressure of 60 cm Eg of xenon and 6 em Hg of methane, a& 

counter 2 is filled to a preasuke of 30 em Hg of xenon and 3 cm of methane. 

The counting rates minw the background rates f o r  the two eounters w e ~ e  

compaped uahg the a m  x-ray source. T h i s  ccpnpa~fson was d e  using 

cal@ aslib 1 ~ 2 5 ~  which etait x-rays of energy 22 a 4 1  h v  reepecti,veJ,g. 

Counter 

The w e l l  lmown absorption % o m U  give8 a8 the ratio R f o r  the 
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countirrg rates of the two counters 

where I2 is the counting rate of counter 2, I1 is the counting rate of 

counter 1, Io ie the intensity of the incident radiation, and u l e  the 

mi38 absorption coefficient of eounter 2 for the incident radiation times 

the path length 0% the radiation in counter 2. Since com%er l i s  filled 

to twice the pressme of counter 2, it has twice the path length of 

counter 2 for the incident mdlation, henee the factor of 2 in the expon- 

ent. 

R was found to be 0.576 and 0.579 i n  the ease .QF CdlW and $52 

respectively. This leads to a value for 2u (taC aboqwption factor for the 

higher pressure eoynter) of 0.62 and 0.64 f o r  22 and 41 kev radiation re- 

spectively. 

biasing the Al linear amplifier suf ' f lc lentJp 

in Big. 8 and tbb linea ere obtained by Ipakirqg their elope the Bame as 

Any L x-rays emitted by the above 8oul"ces were cut out by 

f ie  two pointe are plotted 

that for the absorption codficient of I d f i e  which is a neighboring ele- 

ment that has been previously investigated (see Compton and A11iaon13). 

The K absorption edge for xenon (35 kev) vas obtained from well known x-ray 

datae This is the point whopa the absorption coefficient of xenon abrupt- 

l y  changes becquae of ionization ccemp4ncSng in the K eheU 0% xenon. 
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Fig. 9 gives the actual efficiency (neglecting geometric effects) 

of the xenon proporti- counter (1 - e-a) as a function of energy of 

%he incident electromagnetic rad.iationo 

the absorption of the incident radia%ion by the coun%er wCLU become8 im- 

For energies less than 5 kev, 

portwt, so for energies in this region Fig .  9 htoes not app3y. 

Accu~aey of 3anergy Measwements 

The following diagrsm shows a poption of the microphotometer 

trace8 from five separate photographs made of the x-rays emitted from 9.2 

%hour The peaks rep- as detected with a xenon propostfonal countare 

' \  
resent 

0 Energy (kev) kl 
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. the energy of the incident x-rays (41 kev). 

5 t o  80 seconds w i t h  any given curve resulting from twice the exposure 

tima of the next lower curve. 

m o e u s e s  times range from 

The greatest fluctuation i n  peak position from the mean value 

(denoted by vertieal line) occurs i n  the seoond from the bottora curve i n  

the diagram. 

2.5 per cent which is  assumed as the limits of aceuracy fo r  the anergy 

measurements made with the proportional countere 

cent is about twlee the probable error predicted by= probability theory 

i n  the case of the f ive  measurements presented above. It is fe l t  that 

the wider limit8 placed on the accuracy are  necessary i n  order t o  account 

fo r  any systematic errors which lgay occuro 

T h i s  deviation amounts t o  approxb~ately 3 parts i n  120 or 

%'his emor of 2.5 per 

- 

8 

In the event t h a t  two gamma rays differing in relative energy by 

an apaount l ees  than 15 per.cent are meaeured elssultaneouely, the error 

in the resultant energy measurement w i l l  in thb case, no doubt, be 

greater than 2 2*5 per sent. 

m a  rays would not be resolved by the counter. 

Thfe is due t o  the fact that the two gam- 

Ganmra and X-ray Spectra of Vmioua 
Short Period Activitiee 

The reaulte of a study of the eleetrapag9atic rad$atian emitted 
* 

by various short period radioactive nuclei are eouectea b s h w .  

10e7 Minute Co60 Activity 

The 10.7 mfnute period in cobalt proBlueea by neutron imatLiation 
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THE Xe COUNTER; (b) 7 RAY DETECTED WITH 
THE No1 COUNTER. 

FIG. 1 1 .  se'' (a) K XRAY DETECTED w r r ~  THE ARGON 
COUNTER; (b) y XRAY DETECTED WITH THE 
No1 COUNTER. 
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of e o W t  netal hae been investigated by Deutsch and others.14 They re- 

port that at leaat ndsety per Gent of the disintegrations a m  by an 

isomeric t%cure%tion of energy 56 bv, presumably to the five year level. 

The ;paapalnhg ten per cent of' the disintegrations isre by a beta ray of 

1.25 MeV Zouowed tyy a baing1e gamma ray of energy 1.50 ~ e v .  caaiiweu13 

investigated the conversion electrow wing a permanent magnet beta-ray 

spectrograph. 

signed to K9 L9 and I eonvereiom of a ~irag1e gamna ray of energy 

He reports three conversion ehctron lfnee which were aa- 

58.9 2 0.5 ke9. 

Fig. 10 ehows the gamma rays fro= Co60 ae detected by a xenon 

f i l l e d  proportional, counter (loa) and b,y a Ha1 baeintiUatioe counter (.lob). 

Comparing the height of the gama r w  U e  in Fig. 1Oa to the distance 

from it to the neaCape" line (a.7 kev below the gamma ray line due to 

the escape of a xenon K x-rqy from the counter) givee aa energy d u e  of 

58.5 2 1.5 lrev for the garmna ray. 

The K x-ray of e o W t  is faintly sisjbble near the bottom of the 

photograph. 

eion proeees. 

Thee x-ray8 are d t t d  subsequent, t;o the fntenml eonver- 

17.5 Second SeT7 Activity 

The 17.5 second period in eelenium produeed by neutron isradiation 

has been etudied by ArnoM and Sugarmn.'6 TBeT found a gamma ray bavhg 
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an energy of roughly ,V 150 Bev as determined fram absorption masme- 

mnts.  GoUhaber and, Muehahausel’l assigned this period to SaT7 by ob- 

Fig. U. shows this gatma ray as detected by a H a I  counter and also 

the K x-rays as detected w i t h  %tn argon fiU& proporbiomal. counter. 

gamma ray h a  Fige U b  has an energy of‘ 130 2 7 bv. 

The 

This value was ob- 

tahed by camparing the peak height shown with that obtained f’rcrm the 

279 kev gmma ray etted by Hg 2030 The error is assupled t o  be twice 

t h a t  used for the propoptional counter measurements. 

The double l ine  shown in Fig. Ma results fpom the selenium K 

x-rerys following internal. cavemion and the fluorescent x - w s  of copper 

produced in the counter -e the selenium radiation. 

3 Second Z r  Aetivitg 

~n attempt was made t o  verify the 5 eacond e%reonfurp (nby) reaction 

reported by Ageno.18 Because of the impurity of‘ tbe zirconium source 

tbat was wed, it is not lmoam whether the @;Smnrsn ray shown in Fig .  l2b 

valae of 188 f 20 kev as deterpnr%nQB by eoglparieon with the 279 kev 

r ayof  Hg *03 . d 7 9  is k n m  to have a 

220 2 A0 kev (see page 62), s8d this gamm ray is undoubtedly contribut- 

a to  the peak ebwn in Fig. 12b. 

ray whose energy is 
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FIG. 13. K X RAYS FROM NEIGHBORING ELEMENTS DETECTED WITH THE 
KRYPTON COUNTER. (0) FWORESCENT SOURCE; (b) RADIOACTIVE 
SOURCE; (c) FLUORESCENT SOURCE. 
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F i g .  J.2a shows the zireonim Kx-rays as deteeted by a -ton 

proportional eomter0 Them x-rap eitbr could rerault froon internal 

conversion o e c w i n g  foUowing an isomeric tranesition of the z i r c o ~ u a  

nuelow, or could be fluoraseent x-rays frcm zirconium that has been ion- 

ized by the hafgiurn radiation. 

6.6 Minute d4 Actidtz  

GoU.haber and MueUuae’g report 

posed to  elow neutron irradiation mitted 

absorption they showed them x-rqys to be 

coltmbitm which implies that they arible from an isawrie trawition in 

columbium 180 uncon+wted gamma rays were found, indicating that pme- 

tiealI,y all of the gama rays w e  i n t e r n  wmmr-ted. More recently 

C€Lldt18U20 

giee 22.5, 

siona of a 

zaeaeu~ed thee internal eonverlsioaa electron lines w%th ener- 

39.0, aad $0.8 kev. 

e w e  gazma ray 0% energy 41.5 t 0.5 kav. 

These he assigned to K, L, and I conver- 



UNCLASSIFIED 
DWG. 11906 

I -  

FIG. 14. RhIw (01 y RAY AND K X RAY DETE(;TED WITH THE 
Xe COUNTER; (b) 7 RAY AND K X RAY DETECTED WITH 
THE No1 COUNTER. 

(a) (b)  

FIG. 15. RHODIUM K X RAY DETECTED WITHTHE Kr COUNTER; 
( 0 )  RADIOACTIVE SOURCE; (b) FLUORESCENT SOURCE. 
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FIG. 16. Pd? (a) 7 RAY AND K XRAY DETEGEDWTH 
THE No I COUNTER; (b )  K X RAY DETECTED WITH 
THE Kr COUNTER. 

(a  1 (b) 

FIG. 17, la? (a) 7 RAY AND K X RAY DETECTED WITH THE 
NO I COUNTER; (b) K X RAY DETECTED WITH THE 
Kr COUNTER. 
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8.7 Minute Bh3.04 Activitx 

h r  Mateosian aazd Goldhaber= report a 52 kev gamma ray with half- 

l i f e  of 4.7 minutes from rhodium after expoewe t o  slow neutrons in the 

Brookhaven reactor. Their aeaeu3pemmte were ueing a RaJ eeinti3J.a- 

t ion countero 

Fig. 14 shows the gamma and x-radiation %porn. rhodium as detected 

The with a xenon proportional counter and a NaI ec%nt iUt%on counter. 

gama ray shown in Fig .  l4a has an energy 0% 5l.3 2 1.3 lsev as deterrained 

fpom coqxwfaag i ts  peak height to tht of the E; x-ray of rhodiuan. 
a& Fig. 3.5 ccmrp~pee the x-rays from Rh t o  the fluorescent x-rays 

from a rhodium foil excited by the K x-rap f r a  SbE2 (see page 59 1. 
This result indicates that the  t rami t ign  m w t  be intessraI.3.y converted 

thus prOdUCm rhodium x - ~ s .  

5 Minute Pd Activity 

A new ehort period activity produced by neutron imadfation has 

been found i n  palladium. Fig. 16a shows the gama ray ae detected by a 

H a I  countero 

temined by comparing i t e  pulse height with that of the q g  kev gamma ray 

This gama ray hae an energy of 173 2 10 kev which was de- 

from Hg*o3* 

F i g .  16b ehows the IC x-rays as detected with a krypton counter. 

Moat of the x-rays a m  emitted foUowing internal eonversion of the g- 

ray, but erne wise fram the 13 hour Palw activity whichp according t o  

Siegbahn and others? decays by beta embeion to metaratable &Io9 a c h  
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( a )  (b) 

FIG. 18. Sb'22 (a) X RAYS AND K X RAY DETECTED WITH 
THE Xe COUNTER; (b) RAYS AND K X RAY DETECTED 
WITH THE No1 COUNTER. 

( 0 )  ( b l  

FIG. 1 9 . D ~ ' ~ ~  (a) 7 RAY AND K X RAY DETECTED WITH 
THE No1 COUNTER; (b) K AN0 L X RAYS OETECTED 
WITH THE Xe COUNTER 
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enits a 87 kev gasrma ray that is highly converted thus producing silver 

x-rays. The disfntegration of' Pdl@ and CdlW (discussed earlier) is a 

case where two different nuclei decaying to the sane nucleus (A&@) have 

an excited level in commont which 19 this cam ie netastable. 

2.5 Second In Activity 

A new short per%& aet%vity produced by neutron bombardment has 

been found in indium. Fig .  17a shows the gama ray as detected by a HaX 

counter. ThLa gageas ray has an energy of 153 2 10 kev as deterrained from 

a coxtipa~isoa of' its pulse height with that of the 279 kev gatma ray emit- 

ted by Hgm3. 

Fig .  l7b showa the K x-rays emitted as detected by a krypton pro- 

portional countero The x-rays indicate that the transition is internally 

converted. 

3.5 Minute Sbl= Activity 

Der Mateosian and Otbr823 report a 3.5 minute activity produced 

Both internal oonvereion electrons in antimony by neutron irradiation. 

and characteristic K& radiation of' antimogy were observed. 

sorption rneasmaents hdieated an iamerie transition of 140 kev. 

activity wss assigned to the (n,y) reaction with Sb 

observed in aeaswements with an isotopicaUy enriched sample of the only 

other stable antimony isotope ( 

Aauninum ab- 

This 
aaa, 

88 it was not 

upon neutron irradiation. 

Fig. .I.&% srbws the gama radiation, produced by the (nr) reaction 
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with an isotopically enriched Sb'= ample,  as detected with a xenon 

proportionel countero Two raya are evident in addition to the 

antioponY K x-rays. 

kev as determined by cnmpa;king their pulse heights to that of' the E& 

x-ray pulse height at 26.4 kerD 

The gamma rays have energies of 59 2 1.5 and 74 2 2 

Fig. 18b shows the gatma raya as detected by a Ha1 countero In 

this case the resolution is not sufficient to distinguish the two gamma 

rays, hence o m  one Line at about 65 f 10 b v  %e present. 

i *  
' '. 

1.25 Minute Bs 165 Activity 

!Rm 1.25 minute K converted gamm aetivity was initiaJJy reported 

by F W r ~ f e l d . * ~  Inghra and others23 showed that this activity ire 

isomeric with the 2.6 hour activity and that both of these activities 

are produced by neutron irradiation of the stable ieotope C a l d -  

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

version electron linea which Be aesligned to a single gamma ray of energy 

109.0 -I- 005 kev which converts in the K, LIP LInP I, and B shells of 

dyeprosium. 

Fig. 1pa shorn the gamna raye and x-rays as detected with a MaI 

This gama ray has a value of' 102 2 8 kev as determined by counter. 

catparing its puhe height to that of the x-ray pulse height at 46 kev, 

24A. Flamerefeld, Zs i ta ,  f. HatuPforechung, & 190 (lg46) 
25M8 G. I*-, A. E., Shaw, B. C.  Hasso JP,, andBo J. Hayden, 

Pwa. Rev. 315 (1947). 
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(0) (b) 

FIG- 20. Yb? 7 RAYS AND K XRAYS DETECTED WITH 
THE NaI COUNTER (a) 0.5 SEC. ACTIVITY; 
(b) 6 SEC. ACTIVITY. 

. 

FIG. 21. Hf”’ (a) 7 RAY AND K XRAY DETECTED 
WITH THE No1 COUNTER; (b)‘ K AND LXRAYS 
DETECTED WITH THE Xe COUNTER. 
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' .  

Pig. lgb shows the K and L x-rays from dysprosium as detected by 

The gama ray is too energetic to be de- 
. 

a xenon gropoptional counter. 

tected by the xenon counter. 

4 0 . 5  and 6 Secoqd Yb Activities 

Fig- 20a shows an unreported gamma ray of half-life lese than 0.5 

sec produced in ytterbium by neutron irradiation and detected with a Ha1 

counter. Because of the rapid decag of this gamma ray 8 sepa~ate irpad- 

iaticlrne in the pile an& the same number of separate f i b  exposures of 1 

Bec each were required to produce the photograph shown in Fig. 20a. 

 his gams ray  ha^ an energy of 455 2 25 kev as detewned 

i t a  pulse height with that produced by the 279 kev gaama ray from 

comparing 

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

induced activity reportad by der Mateoaian and Goldhaber27 who observed 

conversion electrons having energies of about 200 kev as determined by 

aluninum absorption measurements. 

have energies of ldr 2 8 and 212 2 15 b v  as determ.ined by emparing 

their pulse heights with that due to the K x-rays at an energy of 53 kev. 

!Rm lok Ism gsnnaa ray is aleo rahown in Fig .  x)a, and is probably due to 

a dysprosium inrpurity, but the possibility of a double transition cannot 

be definitely excluded. 

The two gamma rap shown in Fig. 20b 

19 Second d79 Activity 

The 19 second hafnium activity was discovered by FUnmersfeld28 

der lvlateosian and M. Goldhaber, Pkys. Rev.& 187 (1949). 



63 

who obselpvad eonversion electrons with energies of about; 190 kdv proQuced 

by slow neutron irpsdiertion of harfniun. Der Mateoeian and Goldhabera 

report 

kev as 

with a 

a neutron induced gamma transition 19 Hf379 with an energy of 215 
gleasured with a N a I  scintillation spectrometer. 

Fig. 2La show8 the gamma ray and x-ray from 

BaI counter. 

a0 detected 

The gaaama ray has ap energy of 220 f 10 b v  as de- 

termined by conparing its puke height to that produced by the 279 kev 
ganrmarayfpomHg 203 . 

Fig .  2lb showa the K and L x-raye froa haf’niugl as detected with a 

xenon proportional counters 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 Bwson and his co-workers. 30 

0.33 Second Ta ActTvitg. 

The 0.33 second neutron induced activity in tant&lum was initial- 

l y  found by Campbell and Good.31 hter, Goodrich and Ca~npbell3~ reported 

that the radiation cansieted mainly of low energy photons believed to be 

the L x-rays fspamtaatalum due to a low e~ergy isomeric transition wfiich 

is 

the raoge 5 < E < 5 where % and 5 are the bindfag energiee of the L and 

converted. They concluded that the transition energy E fs in 

K 8h8- P O B P C t i W l y .  

der Mateoslan and I, Goldhabar, Pbys. Rev. 82, U 5  (1951). 

3 0 ~ e  B. maon, K. W. Blair, H. B. suer and. S. Weder, phbps. 

C. Cai~pbeU and W. 1. Good,Phgrs. Rev. J6,, 195 (19b9). 

Rev. & 222 (1931). 

%. Goodrich and E. 6. Campbell, PPag-s. Rev. BD k%8 (1950). 
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FIG. 22. Ta? L XRAY DETECTED 
THE KRYPTON COUNTER. 

FIG. 23. W ?  (a) 7 RAY AND K XRAY DETECTED 

DETECTED WITH THE X e  COUNTER. 
WITH THE No1 COUNTER; (b) K XRAY 
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Fig. 22 shows the L x-rays emitted by tantalm as detected by a 

-ton counter. Fifteen separate irradiations in the pi le  for a period 

of one aecond each snd fifteen subsequent fib  exposure^ of o m  second 

each were requhvA dn making the photograph shown in Fig. 22. 

SOIL of t b a e  x-rap with those emitted by long l i fe  HfL8' conf?irmed 

Conrpari- 

that tb X-rays in Fig. 22 fra tanla3.m. 

2.5 Second W Activity 

D ~ P  Mateosian and G ~ l d h a b e r ~ ~  report finding conversion electrons 

of 80 kev energy and half-life of 5.5 aeconds produced by SLOW neutron 

irradiation of twaten.  

a l m m  absorption. 

Their energy meaeuremente were obtained by 

Pig .  23 chows the  x-rays f rarp tuageten aa detected by a H a I  crys- 

tal and a xenon proportional counter. 

a weak gsmzpa ~ a g  with energy slight* greater than the K x-ray lines 

(58-69 kev) . 
and Goldbaber's findings. 

In Fig. 2% there i s  evidence of 

This additional evidence is in accordance Kith Mataorsian 

1-5 Minute Activity 

The 1.5 minute neutron induced activity in irMium was reported 

Kawm as& Ruben.* Goldhsber and others32 later 

rays with energiee of approxbately 60 kev and, 30 kev, 

E. 33 

3%. 

35H. 
372 (1947) 0 

der H@teooian and M. Goldhaber, Phys, Rev. '& 187 (1949). 

M c M i l l a n ,  M. Baraan and S. Ruben, w e .  Rev. z9 373 (1937). 

GoMhaber, C. 0. M u m u s e  and So fl. Turbl, PWs. Rev. "& 
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FIG. 24. dg2 (a) L XRAY DETECTED WITH THE 
Xe COUNTER; (b) L XRAY DETECTED WITH 
THE Xe COUNTER WITH COPPER ABSORBER. 

239 FIG. 25. U (a) RAY AND L XRAY DETECTED 
WITH THE Xe COUNTER; (b) RAY DETECTED 
WITH THE No1  COUNTER. 
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a0 veil as s trw L x-reys of iridium. They were unable, however8 by 

c r i t i ca l  absorption t o  show that there i e  a unique gamm ray in the 

region of about 30 kev. 

which were acseimed t o  a sringle gama ray with energy of 57.k 

whiah converts in the LIP LII~, M, and ET ahellba of iridiua. 330 w a ~  a lso  

C&lAwe1136 finda four eonvereion electron l ines 

0.5 ksv 

unable t o  obtain evidence indicating a direrete Lower energy paye 

Fig. 24 shows the L x-rays of Iridium as detesteeZ by a xeuon pro- 

portional counter. 

intensity near that of the x-ray. 

There is m evidence of an unconverted gamma mry of 

!€%me x-~ayr are presumed t o  follow 

the internal tonveroicm p~oeesa. Fig. 24b was given roughly 10 times 

thm wraure of Pig. I h s  with a tun copper foil inserted between the 

source and the detector t o  absorb the L x-rays of iriB%zzna, i n  an attempt 

t o  obqeme any unconverted gamma rap. The copper f o i l  strongly attenu- 

ates the L x-rays of iridimg, but it would have l i t t l e  effect on 8 gamma 

ray with an energy of the order of 25 kev. The fact  that no radiat ion 

more energetic than the L x-rays ie observed ind%cates that the t rami t ion  

is  highly converted. 

23.5 Minute s3' Activity 

Meitner and 0 1 h r e ~ ~  first reported a uranium isotope prcduted by 

neutron aaptupe Kith the habf-life 23 minutes. Feather a d  ICpishnan3' 

from absorption measurements report the disintegration 

38 1. Feather snd B. S. B%a-, Proe. hub. Phil. Soc. Qp 267 
(1947) 



ray with energy of 76 f 3 kev. They also found elridenee f o r  electrons 

of less energy (about 0.3. per disintegration) and ~ Z W  penetrating gcsa- 

ma rays of relatiTely low btensity. Quagtum r&ationaj corresponding 

sough3y to the L x-mys, to be expected foUowtng the btaaszedl conversion 

of the low energg gansna ray, were also detected. s ~ t i s 3 9  repopts two 

internal conversion lfne8 plus a continuous beta ray spectra fron in- 

vestigation with a magnetic lens spectrograph of the radiation from U239. 

!Me two eonversion lines are produced by the L and M converafon of 8 73 

kev nuclear germna ray which is a t t e d  by an excited neptunium nucleus 

following beta decay in the uranim. This beta r q  has a nvlximtnn enorgy 

of 1.12 Wv and OCCWB in 97 per cent of the disbntegrations. There is 

another beta m y  with rmfximum energy of 2.06 Mev which decays directly 

to the ground atate of neptunium in the ~emalniag 3 per cent of the dis- 

integrations. 

Fig .  25 shows the gaarma ray froBa T?39 a8 detected by a R a I  cryst& 

and xenon proportioaal countero 

74 Z 2 k ~ v  as determined fim its p ~ s e  height in the X ~ O R  eounter pho.tg- 

graph conpazed to the diatance to the lower energy line produced by the 

T h i s  gamma ray has an energy of 

escape from the counter of a =on K x-ray (29.7 km). 

also detects the L x-rays from neptunium which are emitted subsequent to 

The xenon counter 

internal conversion in the L shell. The ga~nna transition is not ener- 

getic enough to produce conversion in the K shell, and. therefore MO K 

x-rays are in midence. 
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- K  X-RI  
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lrlg2 (1.5 Min.) 

- FIG. 26 
GAMMA AND X-RADIATION FROM VARIOUS 

XENON-METHANE PROPORTIONAL COUNTER 
RADIOACTIVE NUCLEI AS DETECTED BY A 
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Partial Internal Conversion Coefficients 

The amiselon of a K or L conversion electron f r o a n  a radioactive 

atom will leave the atom ionized in the IC or L electron she& and con- 

sequently when %hie e b l l  fillsp an x-ray of the IC or  L series can be 

emitted. 

mearrummmt of how lg~n3p K or L conmeion electrum have been cQlitted 

provided that the fluorescent yield of the decaying atom is taken into 

accoI1Bt. 

!The detection of these x-rays should give a quantiOative 

A time oqmsure photograph of the output pulse8 from a proportion- 

al counter aa displayed on the screen of an oscilloscope iniiicates the 

relative number of' x - m s  a3Jd gamma pays emitted by a sadfoaetive sample. 

Such photographa are shown in Fig. 26. 

ing microphotaslreter gives a permanent record of the relative nuBiiber of' 

counts per unit energy rangd from which the partial conversion eoeffic- 

ient lgay be calculated 88 follows. 

SccmnIng the film with a record- 

R=(:L) WTE 

&re R = r a t io  of x-ray intensity of 8 given ehell t o  gatma ray in- 

tensity as determined 

pulse peaks of the mimphotometes traebg. 

canparing areas under tjhe appropriate 
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7a 
1 W = fluorescent yield of the given electron shell. 

T = reletire tranermiesion effieieney of the beryUiwn absorber 

(used to stop any beta m y s  or conversion electrons) for the 
2 given x-ray to the gamma ray. 

E = relative efficiency of the xenon p~opartional counter for the 

x-ray compared to the gamma ray (see ;Fig. 9 ) .  

!Phe results obtained f o r  various radioactive nuclei are shown in 

These results will be in error if the decay schemes now Table 111. 

believed correct for the given isotopes should later prove to be more 

ecmglax. For llrtcrnce, if K or L captuxe 0eeur~ in any of the nuclei 

liatad in Table 111, 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 a second gamma %bat is almost wholly 

converted and is therefore unobservable, there would b.e additional x-rays 

which would not belong to the transition being studied. 

The value of CI.L listed in Table 11 for g3’ is higher than that 
found by S U t d  (0.14). 

within the ufpanium sample of the unconverted ray. Assuming a 

2 4 sample thickness of 25 leg/= and using a maas absorption coefficient 

of 4 an2/- f o r  the 73 ksv gama lpay indicates that approximately 

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

This is probably due in part to the absorption 

-k. M. Steffen, 0. Huber and Fo Humbel, Helv. Phys. Acta -2 22 

2 

3H. Slatis, Arkiv. M8t. Aatron. Fysik m, Eo. 3 (1948). 
4 

167 (1949). 

Compton and Allison, 3. &., p. 800. 

Conpton and Allison, =. g .  
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average path length for the gaplnaa rays vas taken t o  be one-half the 

scuqgle thickness). 

then the mbaeursd value of % will be too large by this absorbed fraction. 

A corrected va,lue of 0.15 is thus obtained for aL. 

1% aLl them produce photoelectrone *am the L lrbbU, 

In the case of a 

correction of thie magnitude is negligible relative to the Balm obtained 

for %. 

In the case of 1r3-92 e z ~ d  $39 the gamm tramition is not energet- 

ic emugh to produce K aongsian,  tharofom L eonversion is the predam- 

I -  

The occurrence of nuclear isomerism among nuclei of odd mass nun- 
5 ber can be explained in a qualitative way by the nuclear shall model. 

!Phe a e l  of Mayer .is baaed on the succession of energy levels of a single 

particle in a potential between that of a three dimensional harmonic 

oscillator and a square well. 

m&3& spin-orbit coupling is assumed, is a8 follows: 

The order of the energy levels in this 

. 

2 

8 

Goepp&*e, W s .  Rev. '& 16 (1950); and E. Feenberg 
1877 (1949). asd KO C. Hantnack, Phys. Rev, 
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82 

where each hor$zontal lint describes a she3.l and the total number of 

like nucleons required to f i l l  alb the preceding shellbs is given at the 

end of each line. An even nmber of identical nucleons 19 any orbit 

with total. angukr momentum quantum number 5 w i l l  always couple to 

give a spin zero, and an odd number of identied nudeons in  a state j 

will  couple to give a total s s i n  j. 

The stability of nuclei containing 2, 8, 20, 28, >Os 82 or 126 
6 

neutrons or protone 

these nuclei. 

ie explained by the existence 0% closed shells in 

Rear the end of a shell, where iacrmeups frequently occur, 

are states with quite different spins whose energies m e  not too far 

apart. 

nucleon going into the next higher shell rather than filling up the lower, 

Ths competition between these adjacent states mag reeult in a 

incomplete shell. Whertmer the shell theory predicts two C l 0 8 t l y  spaced 

leveb differing by thpee or four units in spin, ieomeriem becomes a 

likely possibility. 
All of the isomere w i t h  odd mass numbers 7 lieted in Table IV tan 

be correlated with the ehell -el. S877 (If = 43) anB AglW (Z = 47) can . 
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Isomer 

. 

Tranei t ion 
B e r m  (kev: 

58.5 

130 

41.5 

51.5 

173 

87 

153 

59 t?4 

102 

455 

212 

161 

/J 80 

57 94 

Half- 
l i f e  

10.7 min 

17.5 S ~ C  

6.6 min 

4.7 min 

5 min 

39 set 

2.5 see 

3.5 min 

1 . 3  min 

40.5 sec 

6 sec 

19 sec 

5.5 aec 

1.5 min 

4 2.6 x io 

3.3 x bo 
5 2.0 x 10 

3 7.3 x 10 

6.0 x io2 

9.7 x 10 

5.0 

5.5 x 10 

4.0 x 10 

3.0 x 10 

1.3 x 10 

2 

3 

3 
-1 

2 

2 

4 

6.3 x io 

7.2 x 10 

4.5 x 10 

See Fig. 26 

See Fig.  26 

See Fig. 14 

See Fig. 16 

See Fig. 17 

See Fig. 18 

See Fig .  26 

* The conversion coefficients l i s t e d  i n  pasenthesea 
are given by Goldhaber and Sunyar9 by adding an 
estimated correction for L conversion t o  the  c a l -  
alated IC-shell coeffieisntsg (page 13). 
Conversion arbitrarily assigned t o  59 kev trans- 
i t i o n .  

+E 
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both have the competing orbite 2p1p and lg9p which would account for 
their isaerie tmaitione. For Dy165 (B  = 99) the transition is possib- 

ly due to the eompetition between the 6h9p and 4plp orbits. 
eric tramitions arising %ran Hf1’7g (B = 107) and WlB3 (E = log) may be 

explained by competition between the 6h q2 and 4p3,* states. 

For the iscaters with A even listed in Table IVt it w i l l  be noted 

Ths iS0IU- 

8 
that all have H odd and 2 odd. This is in accordance with Mattauchga 

observation that there are no isomeric pairs with 27 even and Z even. 

recentby published data indicate exceptions (Hf180 and Pb2OaC) to this 

nrule”. 

More 

In Fig .  27, log “1: (see) is plotted versus Log E (kev), where 

According to 
7 

7 = 

Goldhaber and S u q y d  theee isomere belong to the group characterized by 

( 3 .  + a), for the isomers listed in Table IV. 
7 urp 

In? 1 = 3. They obtain the following empirical formula f o r  transitions 

within this group. 

log 7, (see) = 1’7.3 - 7 log E(kee) (20) 

An inspeetion of Fig. indicates that a little better representation of 

Zeits. f. 

and A. W. 
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FIG. 27 

HALF - LIFE ENERGY RELATIONS 

FOR I A T 1  = 3 TRANSITIONS 



1. A ehort period neutron induced gama activity VSB discovered 

in Pd (E = 173 hsv, '2: = 5 min), In (E = 153 b v ,  7 = 2.5 see) and 

Yb (E = 455 kev, < 0.5 sec). 

2. Two gamna raya (E = 59 and 74. kev) were found to be aesoc- 
122 l a t e  vith the 3.5 minute Sb activity which waa previously reported 

t o  emit only a @ingle ganmra ray. 

3. 'Ef%n fluorescent yield for the K shell of krypton (0.70) and 

xenon (0.85) waw Hlnseured. 

ae a function of energy of th8 inaidant elsctrcmagnetie railiation was 

5 -  
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