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STUDIES IN BElA AND GAUMA RAY 3PBCTHOSCOPY 

R•ymond Webster !:!a.ywa.rd, Jr. 

Introduction 

The study of artificial radioactive isotopes is at the present 

time one of the most important topics in nuolenr research. It involves 

the establishment or a detailed tenn scheme for the disintegration in 

question. Not only are the onerg;ies or the components of tho d.iff'arant 

beta e.nd gamma radiations or interest, but also their intensities. 

These data give information con~erning the probabilities of transitions 

• 
between the different nuclear energy l~vala. From them it is possible 

to draw oonclusions regardine; the mechanism of the disintegration o.nd 

to correlate the spina and pari ties of th~ level e. 

The theoretical basis for such considerations is at present in e.n 

uncompleted stage. and development in the theoretical field is hindered 

by the fact that term schemes for relatively few disintegrations have 

been established experimentally. There have been a le.r~e nu."!lber of 

investigators who have made observations with absorption techniques 

alone, most of which are open to question, especially if there is any 

complexity in the disintegration scheme. Far fewer have bean the 

number of investigators using beta-ray spectron~ters. A rather compre-

h~:adve list of observers may be found in the Table of Isotopes of' 

Soaborg and Perlman.l 

1'be detailed axperimontal r~.sults or beta-ray emission aro u::rua.lly 

intarproted in torme of a theory which was in its simplast form devel ... 

oped by Fend 2 on the basis of' the neutrino hypothesis, but the thGory 

" 
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is oapable of many variations and can consequently be :11ad0 to agree 

with a wide range or different oxperimental results. A full disous­

s1on of 'beta-decay thaol"y was given by Konopinski. 3 Only the minimum 

a~ount neceosary·to serve as ~ basis for the discussion and interpret&-

tion of experiments will be given here. 

The theory proc.:H:)de directly from the quantum mechanioal expression 

for the rate of tra.noi tion processes from a given quantum state to 

another where the asaumption is m.e.de that the energy &.."id momentum are 

shared between tho electron and-a neutrino of zero rest mass as well as 

the residual nucleus~ Then Fermi's $quation for the probability per 

un1 t time that a nuoleua will lim1 t e.n electron (or positron) of momen .. 

tt.m in the interval betwe$n p and p + dp is 

P(p) dp • a2/(21Y3)1MI2 F{Z,p) p2 (w0 - w)2 dp 

' 
where p and W are the momentum and energy of the· eleotron in units of 

me and mo2 :respeotively, and W0 is the maximum enargy of the beta 

spectrum. W0 ... W represents the mor:aentoo {and also the energy) or the 

neutrino. P'(Z,p) represents the effect of the Coulomb field of the 

nucleus on tha beta .... pa.rtiole. a2jz 1T3 is a constant deter;r;J.ned e~:tpir-

ically representing t..l-te magnitude of tho interaction bat.111een nuoleons 

and the electron-neutrino field. The .factor I M 12 represents the square 

oft he absolute value of the matrix ele::nent containing the f'onn of the 

inttrre.otions and we.ve i"unctions characteristic of the initial and final 

states of the nucleus. For allo-rfed transitions this factor is of the 

order of unity and for forbidden transitions it has smaller values and 

may sometimes be a function of the energy or tha eleatron and the 

neutrino. 

The essential difficult~r in the beta-decay theory is to guess the 

'.\ 
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kind of interaction b$twoen the heavy pa.rticlo and the light pBrticles 

(beta-particle and neutrino). It oo,ud bo any one of five relativ­

istically invariant types, namely: scalar (s). polar vector (V), 

tensor (T},.axial vector (A), and pseudoscalnr (P). On the basis of 

experimental results the interaction currently in vo~ue is the tensor 

interaction, which gives rieo tk>·i the ao-oallad. Gamow-'l'eller selection 

rulos.4 There is an additional selection rule due to Wigner6 which 

makes so."'IIe allowed tre.nsi tiona .Cavored oven· others if the space wave 

!'Unctions of tho initial and final states are similar •. If there is a 

substantial eha:ogo in the spaoe wave functions ( ch.o.ne;e in S)'lnm.ctr.:r or 

configuration); the tranaition ma.y atill ·be allowotl but Vii th .a reduced 

nuolear matrix elen1ant. Tho selection rules ror each or the above 

interactiona are fo>md by expanding the matrix elements. Then for each 

ten~ the operator has to be ehosen so that only those transitions oocur 

!'or which the angular momentum and th.e parity of' the syswm ara con-

sarved. Selection rules resulting for ea.oh of these interactions are 

tabulated below. 

I Interaction 

~ ~I 
parity 
change 

v Lll 
parity 
change 

T fl.I 
parity 

I A chanr,o lli 

I 
parity 
change 

0 

0 

no 

no 

no Q--40 

no 

I 1st forbidden znd forbidden 

+1,+2 no l---+0 --
yes no 

0; .!_1 no 0-·-40 

yes no 

no 

no 

P fl.I 0 II 0,.!1 no o-o !;};.!_2 no 1-0 
parity I 
chan~-- yes I no ye~ _j 

--~-----~--------~--------------L----------

.. 
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If tho selection rules require that tho first tenn in the c:JL-pan-

nion of tho matrix aleaent be equal to zero so ·thfl.t. the second tann is 

the first nonvaniehing terrn, then the trs.nai tion i~ refe,rrad te as-
. I I 

first forbidden and tJO on. Firat forbidden tra.nsi tiona should be. small or 

by a. factor or about lo-2 since the sucoeasi ve terms in the oxpa.nsion 

are smaller th&.n the proceeding b:;,r the factor PR/n where p is the aver­

age mo:mentum. and. R is the nuclear radius in units of fi/mo. Accordingly 

each hi~her degree of forbiddenness h smaller by a. factor of' lo-2. 

The decay eonstant for a particular tranei tion is given by 

f(Z.W0 ) is a funct~on only of the char€e and the upper oner~y limit and 

hence ean be ellloulated for .any elemont for whiah thase quantities are 

knawn. . The produot of f tuld T which oan be dete-rmined experimentally 

gives the magnitude of the tem G2/21T'3jMi2 e.nd henc:il.'l enables one to 

classify beta activities experimentally into their order of forbidden-

ness. as the value fT will fall into e;roupa differing by a. factor 100. 

The upper en-ergy of the beta spectrum is found by an in&eneous 

met.'"lod of presenting tho data., first proposed by Kurie. 6 If one ob-

serves i:n a ~na.bnetio lens spectrograph the number of aleotrona in a 

momentum interval.,, b.p, which is proportional to P(p) lip, then the 

· number observed is 

Ji(p) • G2/2n-3\MI2 F(Z.p) p2 (t10 - w)2t:..p. 

Now for a given typa of interaction IV.\ 2 is a oonste..nt as well as 
b" 

. ...------
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a2/2 'TT'3 e.nd tho roaolving power of the spectrograph Ll..p is proportional 

to the momentum measured, which is in turn proportional to the ma~netic 

field. n, and hence the current. One can wri ta the number or electrons 

obtained for a given current value as 

N(I) .. const F('Z.I) t3 (W
0 

... w)2. 

Thus if ame plots JN(I)/[I3F (Z,I)] ao a function or w, one should 

obtain n lin~ar £'!.motion with an intercept at W .. W0 • Thia method 

requires accurato knowledge of tho runction F(Z,p) which is nothing but 

the Dirao ftve function for a oh&rged particle ~n a Coulomb field when 

the particle is in a.n unbotmd state (i.e. in a continuum). It is 

F(Z.p) 4 (2pR)28- 2 ElrraZW/pj \{s + ia.ZWLe~l~ • (s + 1) 
. 1 \(as • ·1 > 2 2 

where p, W, Z and .Rare the some quantities and in the same units as 

before, a is the fine structure constant, and s = (1 - a2z2)1/2 • 

. F(k,p) is difficult to calculate since there are 110 good tablets .of the 

oomplex gamma function. H~evor, it is poBsible to approximate the 

function to any degree of accuracy by expressing the gamma function aa 

an infinite product. For very light nuclei (Z ' 15) where s -::::: 1 one 

oan make use of identities for tne '\ function to get 

Bothe7 &ives the approximati-on that is good within a frm percent 

for all values of Z 

Lonr~ire and Brawn8 give correotions to be made for the acreening of 

the nuclear oharge by tho atomic eleotrons which aro negligible for 
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electron emission but quite appreciable for positrons emitted with 

energies lese than 100 Kev. 

The study of beta spectra is complicated by the soconde.ry effects 

which always appear to a smaller or greater extent in tho f'orm of 

soa.tta~ing from the backing of the s&rtple and the sample 1 tself and 

scattering fr.om the inte:rnal surfaces of the apectrometer. This effect 

manifests i tsolf in the fact that the number of low energy electrons 

relative to tho remainder of the spaotrum inoroases. This phenomenum. 

is frequently so marked that simple spectre. give Fermi plots so curved 

~hat they have been falsely interpreted as having several components. 

The best precautionary measure against these disturbing effects is to 

use samples of high spGoifio activity spread over a. large area With a 

bn.cldn{~ and covering of a.e low a mass as possible. In tho recording 

of continuous spectra it is mmeceasary to work w-lth hi !;It resolving 

power. The Fermi plot obtained for infinite resolving power will 

coincide with that fer a finite resolving power except in the region 

voey near the end point, and if no importance be attributed to tho 

last points in e. Fermi plot, it 1s unnecessary to introduce e. correc­

tion. This is, however, not the case if it is deeired, for example, to 

determine the energy mu:i1uum by e. direct study of the end point of' tho 

original spectrum, but thio is not usually feasible because oi' the very 

low intensity near the end point. 

The experimental fact that most allowed and forbid~en beta spectra 

may be represented as otre.ight lines in the Fermi analysis .facilitates 

the resoluti'on ror complex sprectra into thoir components. However, it 

should be pointed out that the rosolution of' a .spectrum into its 

components may often be difficult to peri'om eSj>eoie.lly when th0 lO"tver 
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energy components are also low in intensity since back scattering by 

the more intense components may simulate the low anergy components. 

However~ this method of e.nalysis usually allows the end points of the 

low energy: components to be found with reasonable accuracy. When t\vo 

or more components originate from the same level there iG always the 

addi tiona.l information g;&.ined fror.q tho investigation of the Gamm&. .. 

radiation sinoa the difference in the el'leTgy of the beta. components 

must occur in the form of g;am.ma1~ra.die.tion. The energies of ths latter 

when .known w.ay be omployod in the Fend analysis. 

It orten occurs that the beta tre.nsitions to dii'ferent axcit~d 

levels in the .f:'inc.l nuoleue are so strongly forbidden by selection 

rules that they are completely absent. B'v'en: the beta transition to 

the grotmd state of the final nucleus may be so i'orbidden that the 

.final state can be reaohed only 'by gamma emission from some higher 

exoited otate. 

A nuoleus in an excited state can decay to a lower energy state of 

the sw:ne nucleus by either emitting a ga.mme. ... ray of anergy 1lw equal to 

tho energ.y difference between the two states or by ~iving the energy to 

an eleetron~in the K,L, .... shell of th@ sartu!l ato~a, the elootron being 

ejected with kinetic energy W1 - ~~ Wy - E_t. ate., where E1v ~ ••• 

are the binding energies or the electrons in their respective shells. 

This latter process is called internal converaion a.tid is not a aaoond­

o.ry prooesG but a primary o_ne and is due to the direot interaotion of 

the nucleus w1 th the surrounding electrons. This is important for 1 t 

means that the probability or decay of the exei ted state is not simply 

the J)robabili ty of gwmna emission but is tho sum of the probe.bili ties 

of the two competing P,rocesses of gmmaa e::aission and internal conversion .. 

'" 
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Unlike the theory of bate. ... dooay the thoory of grumn.o ra.Jio.tion and 

internal converdon ill rather \fell understood a..'ld is treated in a 

n\.lllber of places, e.g., De.nooff and Morrieon. 9 Essentie.lly the quantum. 

theory of g~~a-ray omission utilizes the claseioal conception of a 

radiation source as an oscillating electric or magnetic multipole but 

replaces the rate of radiatioll or energy of angular frequency w by 1lw 

times the probability per unit tim~ that-a quantum of energyhw shall 

be emitted. When ~pis theory is subjected to conservation considera­

tions namely, of tmgular w..omentum and parity, it gives rise to the 

selection rules for multipole radiation given below. 

Parity !even l odd, 

some 2l electric 2J..+l electric 
2~+l ~;_magnetic eJ. mo.gnotie 

opposite 2.0....1 electric 21 oleotric 
21 .magneti o ai+l me.gnetic. 

where ! I' ... I I ~ _2. ~ II' +- I I and I' is the spin of t.."'le ini tis.l atate 

and I that of the tinal state. 

As in bota ... c:ieoay theo!""'J it is not poodb~a to calculate the abso­

lute probability of the transitions without somo knowledge of the 

matrix eloments and estimates of these require a nuclear modal the 

details of which are beyond our present l;zl.owledge. Segre and H:elr.iliolz10 

gi vs an approximate fomula tor the number of quanta em.i tted per unit 

time, "Ar 

log1ol\-r • 2o.so .. 2log10(1•3 ••• 21-1)- (21.+ 1) (l.so.: log10wr) 

.. 2 ..Q. ( o .• a4 ... l/3 log1o A) 

where w1 io the energy o.t" the ga.'l!.-na-ray,.J. h the multipole ardor for 

electric radiation. The decay constant for :magnotio 2l pole radiation 

may ba obtained by iilserting 1. • 1' + 1. Since interna.l conversion is 
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a competing process the effect will increase the decay constant to 

?\ a '?\'/ + 7\ 0 where i\ 0 is the decay correspondinl) to the transition 

probability induced by electrons. nenoe the halt-lire of an excited 

state will be 

-rl/2 • o.as:s/( ?\ r + ?\ 0 ) • o.ss:s/t\)' (l + a) 

where a is the internal eonversion coefi'ioien.t which io defined El.s the 

number of conversion electrons per quan,tum. ami tted. Curves of half­

life versus gamma-ray energy a.s functions of various multipole orders 

and conversion eooftioiantcs are given in a recent paper of Axel and 

Da.ncorr. 11 

The radiation field due to any givon strength of mul tipole oscil­

lator con be written down and the interaction of such a field with tho 

atomic electrons can be calculated from tho known wave functions. 

Henoe the internal conversion eoeffiei.ent een be oe.lcullii.ted independ• 

ently of the magnitude of the nuolear_m&trix element but with some 

·assumption &bout the multipole nature of the transition. Explicit 

expressions for the intern&.l conversion coefficient applicable to Cl.ll 

values of Z, transition energie.a, and rnul tipole types have not been 

obtained on a.ecount of the nmtho:li.atioal oo:nplexities, but calculations 

have been made with varyinz dasre-~1s of approrlms.tion in particular 

case~. Hebb and Uhlenbeck12 have obtained nonrelativistie expraesious 

for the K conversion coefficient az: for electric t re.nsitiona only, 

whioh are not too far orr for transition enert:;iea VIr < <.. m0 o2 and ror 

Z < 40. 'fho calculations have been extended by Dancoff' and Morrison9 

and by Uebb e.nd Nelsonl3 to include magnetic m.ul tipole tre.nsi tions fll'ld 

L conver&ion. Expressions for the conversion coefficient as given by 

Dancorr and Morrison for K conversion wnen the binding energy or the K 

,, 
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aleotrons is muoh smaller than W 1 are 

-. 
Electric transitions 

Magnetic transitions 

where 'ffr is in units of' m0 c2 and .l represents the multipola.rity of' the 

tra.nsition. 

Mora exact values tor the conversion coeffici~nts have boon re­

cently calculated by Rose et a1. 14 usin1; the a.utoina.tie computer at 

Uarvard and are published in tho form oi' tables. 

Using nonrela.tivistic wave ftmctions and a.ssu:rlng tho Wll.ve-ler.,gth 

of the gt\m.tnB··radio.tion to be much lArger tha.n atomic dimensions, fte'ob 

and Uelson obto.ined the ratio !& !'or both electric and magnetic multi­
a.L 

pole radiation which are correct to about twenty percent !'or the oxpor-

imental oases treated in this paper. Their results will not be listed 

here because of their oomplexi ty. 

The i11vestigation of gamma. spectre. a.re complicated by di.f'!'.iculties 

of intensity to a much higher degres thtW. for beta spectra Binoe the 

efficiencies qf the mea.suring devices are strongly dependent on the 

energy of the radiation. Compton ef.c'eot and the pP,otoeloctri o @ff'oct 

are the most used in the investigation of gwnrna--radiation with a mag .. 

netic lens spectromet6r. 

lihen applice.b'le the moat convenient and aocura.i~e .(;':eth.od of.' deter-

minin15 tho tm.$l"£Y of the gmnma:~ra.diation is by ueasuring the onerQ or 

the i11terr!al conversion electrons as .• ooh.tei wi. th the some ouorgy 
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transi tio.n. These internal eonversion electrons fall into di sorete 

~roups, W 1 - EKI W 1 - Er.• etc., the lin.os sspa:ratad by EK ... E:t.. corre­

sponding to the SMJ.e transition. The high intrinsic accuracy arises 

from. the fact that no secondary radiator is. required to convert the 

gamma-. radiation into mensurable electrons. The spread of energy de""n 

pends only on the thickness of tha source. Since tha internal oonver-

sion coeff'ioient is strongly dependent on tho type and energy of the 

gamma" ra.die.tion, 1 t i.s not oonvoni ont to uoe tho number of ·the oonver-

aion electrons as an indication of th~ intensity of the gar..ttna ·ro.din.-. 
tion. However, if the intenai ty of the radiation ea.n. he determined by 

other mean.e, then the number of conversion eleotro.tu\l can give informs.-

tion on the type of radiation which is valuable in assigning spin and 

parity values or tha levels. Another method or finding the type of 

radiation, which is independent or the intensity of the ga1l'iffi:B radia-

tiou,. is to observe the relative number of K conversion oleotrons to L 

conversion electrons. 

The production of Co~pton electrons may be achieved by pressing 

the active sample into a smaJ.l oopper cylinder the walls, of which are 

thick enough to absorb all of the eontint.lous beta radiation. Owing to 

the high density of copper the rndiator may be made small. For a given 

di&Jneter of the radiator a larger active quantity of substance can be 

· inserted than if the radiator were of' alwi!inum.. At energies above o. 5 

Mev only Oo1npton electronG are obtained but below this value the photo-

oloctrie effect ifi -copper mQk~s a smnll contribution. 

If a thin foil of high atom.ic number (o.g •• Pb. Au~ or U) is 

plaoed outside the radiator than photoeleatrono from the radie.tor will 

be present in addition to the Compton eleotron spoctrur.1. The photo-
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electric effect is eepoeially marked for grurll1Uhra.diationB of loos than 

o.a :Mev. 

At tho higher gamma energies it may be often difficult, especially 

, when gu..ma component$ are olosel:( e.djaoont, to di.stine;uiah the contri• 

butions of tho photo~leotrie affect from the edges of the corresponding 

Oompton .spectrum. The photoeomreraion linea often manifest theraselves 

in torraoint;s of' ths high energy side of the Compton distribution which 

are usually difficult to interpret. 

'l'he determination of the ge..·mtui\ energies is especially accurate 

when tho j?hetoalectr1e effect e$-tl be utilized. the high accuracy being 

due to the faot that the peak of a well defined line is measured. The 

reliability of the determination is enhanced if not only the K photo­

conversion line but also the I. photoconversion line can be meas:.1red. 

For a given resolvint; power this oondition is fulfilled at low energles 

of gamma-.re.diation which are assooio.tad 1rlth larger intervals bet!Veon 

tho K and L linea. 

In cases whore there is a difficulty in utili~ine; the ph.otoelec-

trio effect the ga:mna. onergy :,..ay be determined with modero.te a.ccuro.oy 

by measuring the inflection point e.t the upper edee of the C.ompton 

spl5lctrum obtained before dividing the ordinate by the oorresponding 

abscissa. Sia~be.hn15 finds empirically that the value of the ·energy 

obtained in this manner, when inserted in the equation tor the C<T.tlpton 

effect frorl'l central impact betvreell a photon and tm electron, gi vee the 

same gwtl11fL energy within the limi ta of error as that obtained from tho 

K photoeonvorsion line plus the binding energy for the K shell. 

An ilnportsnt matter in the analysis of the term scheme for any 

radioactive disinte~ration is tho rela.tivo intanai ty of the f!:MU"GS 
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radiations, sinco these mnc;ni:tudes give information rei&arding· the 

tranoition probability between tho various levels. To find the ~ola-

tive intensities for eaeh ganuna-ray tho area or the Compton electron 

distribution must be multiplied by a. factor dependent on the enlllrgy of 

the gawna-ray which can be derived !'rom au efficiency curve !'or the 

radiation. Siegbann16 has developod an empirical method for obt~ininG 

this factor ?r~1. thin 10 percent. 

To form ter;n sohe.mes from in.fomation gainecl by the abovo methods 

it is necessary to make dafini te assumptions re~;!lrding the order or 

sequence of .the different components. In many oasaa this is posoible 

but frequently one eneount;ers difficulty. It is ver';l valuable in this 

event to eraploy the coincidence method which m.a.kas possible a mora 

direct study o£' the association between the different beta and gW~ma 

components. This .method was rtrst used by Deutsch and co-workers.17 

It has since found increasing use notably by Siegb~~ and Johansson18 

as the result of improved desi~ns for coincidcmoe amplifiers with 

considerably improved resolving times. tn most coincidence applica-

tione it is neceaear1 to study both the gamma-gamma and bet&-gamma 

eo~ncidenoeSet.f'ects. In the latter case the beta.•gfll!l.ma eoincidonoe 
I' 

effects can be measured as a function of the spectrally resolved beta ... 
energy intervale. This may be illustrated by a si•nple exenplo. fie 

a.uume that we have n~.EiHl.Surad a beta spectr1.r.1 r..ich vro G.ssume to be 

cctmplex in vi Em" of the pres~nce of' a weak g;am.la aotivi ty of unkno\m 

energy. A resolution into beta components by direct Fer-.ni analyai s of 

the complex spt11otrum would be associated here with. gNat sources of 

error as a oonsoquanoe of tho woak intensity of the softer component. 

However, spectral raaolution of the beto.-gl'.l.1'tmla coincidence eff'oet will 
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hsre presumably have. the same form as the softer beta component. By 

making tho Fermi plot for the ooincidenoo spectrum it is porwible in 

this manner to obtain an ur.;per limit or the sorter boto. component .. 

The requirements on the resolving time of the coincidence oircui t 

a.nd str~ngth of the sample a.ra much more strinc;ent than in ordinary 

abeorption. coincidence applioa::ions. since the cha.':lco coincidences must 

b~ ne&lia;ible crrmpared to tho true coincidences J.n order proporly to 

resolve tha softe~r beta component. 'I"he true coincidence counting rate 

will be 

N~ r = 1~ E:~ e,s(I) 

where tl is the number of disintegrations per second and €: ~ the "effi­

ciency" of the gwmrua-ray counter. The term "efficiency" includes the 

effec~ive solid angle presented by the counter to the source as well as 

the actual efficiency of the counter for a particular ga...'llme.-ray energy • 

. E: 13( ~) is the tte.frioienoy" or tha beta-r~y counter which takes into 

account the solid angle and true efficiency as v1ell as th€ f'a.ct that 

only the spectrally resol~.red portion of the bote. spectrum is counted. 

lienee E~(!) will be proportional to the factor F{Z,!) I 3 (W0 .. ~v)2. 

Since the two individual countinr; raton in the g~ll@a P.J.td. bGte. counters 

are 

and H~ a. NE~(I) 

the ratio H{l y /Np should bo co;::1stwrt and equal to the efficiency of the 

gat."'lna counter E y. Sowever; the counting ra.ta obser~ed on the coinoidsnoe 

oount<11r will be the sum of tho true a-nd chance coincidence rate, and 

unless the cho.nce oo1ncidenc<!1 rate is s.rnall compared to the former, the 

ratio Ni1 '( /Nfl will not bo constant but a function of the beta-particle 

momentum. The chance eoincidanoe rate is 
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henco if we require that N~ 'I > lOONchanoe we have tho requirement that 

N-r < lo-2 whioh means that the source straneth is lind ted to e.pprorl ... 

matoly one or two microouries for a resolVing time of 0.2 znioroseoond. 

the resolving ti:ne of tho coincidence circuit used in the exporimente 

treated io this paper. 
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A,&>Po.ra tus 

. Tae magnetic lens beta-ray spectrometer described in this paper is 

sirailar to that described by Siegbahn15 where, in ordor to reduce 
' ~ 

spheried aberration. the nul.a;netio flux den,ity ia altered from. the 

simple lone;! tudinal fonn to a for.n whore tho nux density is thirty 

percent stronger at the two foci than at a point half way bot:waen. 

r11th this field form a much greater tr&.namiasion factor for the SW:tl~ 

resolving power ean be realized. 

'I'he i11agnet: consists of an iron tube sixty eon.til~otors in length by 

forty cGntimeters in diameter made or two inch square iron bars spaced 

uniformly around the oi rcumf'~renee ( oee Figure 1). Cylindrical pole 

pieoea four oentimeters deep and thirteen. oentir:>.cters in cli&lleter are 

atf'ixed to iron end piec6S f'i v-e oantimaters thick which o.ro mounted on 

t-rlHtels to r.onder thm;; os.sily movoo.blo. Cylindrical holes 2.5 oenti-

metera in diam~ter throu~h tho axis 'of both pole faoea are provided for 

the Geiger tuba tmd the radioaoti va source. 

Tho coil consists of two solenoids thirty cantimnters in lencth 

with insido and o uts1de dia.lletcrs oi' twenty and thirty centimeters 

rospeetivolJ. Each coil is wound with 3600 turns of number twelve 

enameled ooppctr wire. The resistanc,e or each coil is 17.2 ohms. 'fhe 

coils are arrarJ.~;Od so t.."lat they raay bo u,sed in serioa or in parallel. 

The vacuum chamber is composed of tho eoil torr.n. which is e. brass 

tube twenty centimeters in diameter. and the iron end pieces which butt 

up against tho braa.s tube throut;h rubber gaskets fonning e. vacuum tight 

seal. The entire surface of the vaoutm.~ chamber is covered with a layer 

of pGlyat;rrene to reduce electron scattering from the Wll.lls. 

A Geige:r tube of' the end window typG with a bro.ss cathode aix 
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oentL~0tars in 1&1gth by tlm) and a half centimeters in diameter is 
. 

placed before the hole in one of the polo faces so that its and ~ndow 

projects one oontimetar in front of tho polo f'e.oe. The end window 

v.1:doh is o.a centimeter in diameter is :usually CO':l.lposed of 0.4 mg,/cm2 

nylon sheet held in place by a cl&nping rin~ and sealed With r;askots or 
dental dam. Tho Geiger tube is aounacted by a 1ueta.l tubo to an ova.oua-

tion and filling apparatus. This apparatus allows tho Geit-;er tube a.ud 

the vacuum Cllambsr to be ~a.cuated at the swae tilue so that no presaurtl 

df'fferentio.l Will Gxist fU)r'GSS the thin nylon window. 'fhe filling 

apparatus oollSists of a number of reservairs of argon, Gth;>~lene, and 

alcohol togerthor with a mixing chamber and attached manometer so that 

any desired mixture (usually abo';lt ei~ht oantimetora of a.rgon and ons 

of ethylene) may be introduced into the Geiger co<mter. Ethylene is 

used ~ather than alcohol when nylon windows are used because of' the 

solubility of nylon in alcohol. 

One centimeter before -the othar pole faee tho radioa.cti ve source 

ie placed. "fhe so'IArce is deposited on a thin .film of nylon or rronnvar 

varnish supported on the a.nd o~ a polystyrene tube (see Figuro 2). 

This tube iG fixed to· a one inoh diameter metal rod so tho.t the .s~npia 

oan he introduced into th~, uvu.cuated re~ion through a V't!l.cuum lo<:k con ... 

"" sisting of a oheYeron seol and a &ate v-al vc, This ia neoeGStir'/ to 

fe.eili tate the ra.pi.d ehtiU'l.einb o!' s-amples without oponing the vacuum 

chamber. Th.e win.dO'W of the Geiger tube 'Will not tolerate o.tia.ospheric 

presauro. 

The shutter end eli t s:flste-.JI. i& ple.<led. in the center of the spectro­

graph between the · sourc•3 and the Geiger t1.,1.b$ ( aae Figure 1). The slit 

ia oiroulo.r "f1i tb. inner and outer ru.dii of fiva a.nd seven oenti;ncters 

,, 
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corresponding to a transmission factor of two porcent and a !vsolving 

power of abo!l t five pereont. The reoolvine; power is based on the 

percentage width o.t half maximum of the lip value of a sharp conver­

sion Una. A diso made of aluninum CBn be introduced so ·t;hat the inner 

half of the slit is blocked or oovered up. Tho trans::nisaion factor 1s 

reduced to abo !.tt one percent while the resolv1n~ power is increased to 

about three and one-half percent. A oylinder of solid lead twenty 

centillletars long ia plaoed axially between the source o..Tld tht:j Geiger 

tube to .prev;;)nt direct gamraa - radiaticm from reaching the counter. 

The lll.O.in vaouum o:hamber is evacuated by a aix inch dii'f'usion pump 
.. 

baoked by a "Mega.vao" mechanical pump. The pressure inside the vaouum 

ch&.'tlber is measured with a thermocouple gauge .. 

The coils of the speetrorlloter are cooled by forced air pnssine 

between the surfaces or the coil and "tho iron shall. 

The power for the ooils of the spectrometer comes from a five KVA 

d.e. generator. Current regulation is aocomplishad by controlling the 

voltage across the generator field . This is done to better than one 

part in a thousand by the following method. !he currant pa1.udn1; 

through the spectrometer ooil &l$o passes throu~h an adjua_table resi s-

ta.nce in series with the coil. The voltage across this ri:luistance ia 

OOffipared to a reference voltage consisting of a number of dry cells 

and the dii'ferance betwean these t\'lo voltages is atuplified in a f'our 

stage cascaded d.o. araplifier having a i~ain of about 1600 in voltage. 

As lon1; as the difference between1he two input vol tagos is zero the 

output of the amplifier is zero, but when thore is a sli&ht deviation, 

the output of tho B.'!lplif'ier hunedie.tely adjuats a grid controlled 

rectifier su.pply v1hich supplies ·L.">.e powo~ ror the d.a. i'ielcl of the 
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generator s o that t he coil current r eturns to t he proper val ue . Cours e 

and f i ne a d j ust: ents of t h o ooil currsnt are ma de by varyirl(; t h(: s eries 

r eoiste.nee a nd t he refe r ence volt age. The coil current is measur ed by 

me~~s o f a s t andard r es iot ance of 0.2 ohm and a potenti omet er .whi ch 

compar es t h i) voltage aoross t he stan.da.r-d roa.i attmco t o t h t::.t o f u. • ste.nd-

e.rd cell. 

With this lens no departure fro-.:n linee.ri t y bet wee :::. t:le ooi 1 c ur ... 

rent a.,"ld the focuoad Hf has boen estnbliah ed either by measuring the 

'Hf' values oi' known conversion lines or by direct measurem.tmt of the 

field. At extre.uly lov values ot T:I;0 a deviation is pre.t,;ent if care 

has not been taken to demagnetize the instrument, since any res idual 

magneti sm in the ir0n will have a large influence hore. Therefore it 

ia cust~~ry to de~agnetite at the beginning of ~~ery run and to pro­

ceed only in tho direction or increatling eurrent when ' in the region of;· 

low energy... A curve of' me~sured relative flux density ae a f unction of 

~1e eoil current is shown in Fi ~ure 3. 

The Gei ger tube is conneotc<i to a quenching circuit a nd a pream­

pli.fior of low de~d time designed by W. Goldsworthy (see Ap; antiix}. It 

is impol-tant to hnve a low dead time in a."'l app licat ion l:: uoh aa thia 

&.inca · the range in co ntin~:. vt1tes cn oo \.;..nt tlrrod will he very broad and 

the necessary corrections for counting loss du<J to dead time should be 

kept all low as poesible. The output of the p reamplifier goes to a 

Hi g1 nbo·them type n~aler19 having a scale of sixty-four artci then to a 

counting register. In addition to the iiJOaler t here is n counting rate 

meter (see Appendix) ror preliminar1 i nveoti ga t iona of t he essential 

featur$s of the bet~ spectrum. 

Vthen beta-gamma eoinoi der1ees are to be maa.a ured a sp0oie.l aourco 

holder must be used.. This ho lde r serves as e. scintillation oounte r for 



- 23 -

>-
~ 

(/) 

z 
w 
0 ~ 

X 
z 
w 

:::::> 0:: 
_J 0:: 
IJ... 

:::::> 

0 0 

~ ...J 
w 0 z 
(.? 0 

<l IJ) 

~ > 

0 - CD 

0 ,.... 

0 
<.D 

0 
- l(') 

0 
-q-

0 
f'() 

0 
N 

0 

oL-~----~o---------oL---------o~------~0~-------o~------~o~------~o 

,..._ <.D lO V r<> N 

SUO!S!fi!P Ul ~01~31~30 ~313WXfll.:l 

"' Q) .... 
Q) 

a. 
E 
0 

C:f'(') 

ci 
~-
zLL 
w 
0:: 
0:: 
:::> 
(.) 

...J 

0 
l) 



UDRL-582 

t he g:amn:tli\ radiation f ro:a. t ho sample. 1' he ol!ter dimension s of t he 

s-ource holder are sirailar to t he one \.lse d bef ore except that t he motal 

rod which.. is used to introduce t he sample into the evacuated region ia 

hollow and cloud at the SWllple end with a. beryllhw copper foil which 

maintains the va:cuum and serves n.s an absorber for t he bet& · radiation 

f'rOUl th£i source. Directly behind thi~ a 'bsorbar is an anthracene crys-

tal mounted on a lengt h of polished luci t e rod 11'hich nets as a li ght 

pipe lea ding to the phatmultiplier t ube outsi e the : .. acnetic f i el d of 

t . le spectrometer. The photor;1ul ti plier tube is ill a oon tainei" tn.trround-

ed by dry i..,e to keep the noise pulse5 to a r11.inimun. 

The pulses fro~ the photomultiplier tube go through an inverter 

e.nd prenmpli fi. er "tage with a gain of about two into a wide band pulse 

waplifier consisting of two three-tube feed back loops having a gaitl of 

about twenty-five. The output of thia amplifier goos to one channel of 

a coinoi (lonoe circuit. In eac}• channel of t he 00incidence circuit is e. 

blocking oscilla·t;or 'l!lh.i. ch will g;i ve a aquare output pulse of o. 2 ntioro-

second width; the outputs of' t httse blocking oscillators go into a 

conventional Rossi coincidence stage. The other in!Jut channel comes 

from the preamli fier of' tho Giee;or countttr. The'resolving time was 

made to be 0,2 microeeoond since t he ~iring time of t he Gei ger counter 

is uncertain to the order of' 0.1 microsecond. The output of' th~ !\ossi 

stat;e goes into a scaler with a scale of four and thon t o a counting 

regist.er ·w'hl ch ~;ivos t he c:oi ncidence count ing rat e . s econ d scalar of 

the Hi ginboth a."U type is provided to observe the counting ra.te of the 

scintillation or gamma counter. This system oa.n be ;;.ado to count bet a-

beta oolnoidenceo with. one part o f' the oeta. Gpeotrum spectrally re-

solved i f t he 'absorber botween the aouroe and cr.rstal is made thin 
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en.o~h to tr!Ulsmit beta. rad:l.ation and the anthraoano or..;atal is mad-o 

vary thin so IU to ha.ve pool' e·ffioioncy for co.untirt,; gSlllma- re.dia.tit1>n 

~ / 

and high $ft'ieiendj t"~ r counting beta rad,iation. 

A multiple source holder has bGen used in conjunction with the 

Gpectrometer. It consists or t en ~ouroes mounteq on a n1eel spaced 

evenly about a ~iven ra.diua (see Figure ~ ) . This wheel onn be rotated 

from the outside of the spect.rorsrEph ;vhers art indicator tells l'ftlioh of 

the ten Sl'ti'llple S iS ' iU the prtoper posi ti.on. !n f..ron·t 0 f t he wheel there 

is a lead baffle oovare"<l with polystyrene with an opening t\t on~· point 

so t hat only the radiation fl"o!.ll the one desi r ed sample can be trans-

mi tted th-rough the spectl"ograph. Suoh a .:nul tiple source holder ha.a 

cD peen used by G. M. T!9~er · to mea:su.re exoite.tion f"unctions. 

All I· eli ca.l type speotrotl~ters transmit both e l e ctrons and posi-

t rona at t he serne ti..tne , the two differont particles spi rnllln,: in th.e 

id~n.ti!'ication of the type of particle and for t is ;,;urposa a bafZle h 

provided ( ~ee li'it;ure -5).. Vanes are placed in front of' the slit in' the 

speetragraph such that only those particles spiralling in t . e oorrcot 

s ense a~CI ·& ransmitted. A reversal of the '!lla gnetio field allo'l'IS the 

parti des .of the oppoai te eign to eet t h rough and hence the two types 

can be -easily i dent! fi ~d. The f!pectreg.raph is nonnally operated with 

this· baffle rem9ved since th0 scattering that it introduces lo'r'fOrt> the 

resolution to about eight percent. 

A general block diagra~ and a photograp4 of the apparatus ara 

shown in Figures 6 an~ 7 . 

' \ 

' 
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Exper~ental Results 

Tin 117 

The 14 day tin activity was first found.by Lindne~1 in oonneotion 

wi~h the investigation of spallation produots'from the high energy 

deuteron bombardment of antimony. He observed both conversion electrons 

and gamma. radiation and a.ssig-,ned the activity to Sn119 on the basis ot 

cross 1eotion a.rgum.ents., Recently Mihelich and H111~32 have assigned 

this activity to an117 by irradiating enriched isotopes of tin with 

slow neutrons. 

A sample was prepared by bombe.rding a thiok target of antimony 

with 100 Hev deuterons. Ohemioe.l proc$dures similar to th.o.se of Lindner 

were used to separate the tin. It was necessary to use a large amount 

of tin oaf'rier (6 m.g) as the tin is separated f'rom the antimony and 

purified by selective precipitation as sulfides. A aourca was prepared 

by mounting the separated tin on a Formvar film baokine so that the 

total thickness was about one mg/cm2• The observed conversion eleetron 

spectrum is shown in Figure a. Two conversion peaks are present at 

124.5 Kev and_l50.l Kev corresponding to the conversion or a gamma-ray 

of o.l54 + 0.003 MevJ this value is slit;htly smaller than the value of -
0.159 Mev obtained in the preltminary investigation of Mihelich and Bilt22• 

From the value of the lifettme of 14 days and the energy of 0.154 Mev the 

transitiQJl would. correspond to a. oha.nge in angular momentum of 5 according 

. . -11 
to the experimental and theoretical olasai!'ieations of Axel and Dancofr • 

The experimental value of the ratio of the K and L conversion electrons 

is 2.2 whioh might be subject to a small error beoause of souroe thick• 

ness. With the value of ..Q • 6 the theory o£ Heb'b and Jlelson13 gives 0.95 

as the~ theoretical K/L ratio for electric transitions and 2.85 for 

... 
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magnetic transitions. For magnetic transitions with )._ • 4 the K/L 

ratio is a.as. Therefore in order to account for the K/L ratio a 

mixture of 2° pole eleotrio and 24 pole magnetic J"adiation must be 

postulated. 

The above energy values are based on the calibration that one 

ampere through the coila of the spectrometer foouaes an eleotron with 

It f ot 1360.! 10 gauas centitlleters, This calibration was made for seven 

different values of H;o• Four points were obtained from the I and L 

photooonversion lines in 24 mg/cm2 ot uranium by the 1,3316 + 0,0010 Mev -
and 1.1716 + 0.0010 Mev gamma•rays measured absolutely by DuMond and -
oo-workera23• Another two points wer~ obtained from'the K and L 

photooonversion lines in 10 mg/om2 of gold of the 0.51079 + 0.00006 -
i . . n..u 24 Mev poe tron annihilation radiation also measured by u~ond • A 

final point is from the 1385 H f .. F" conversion line from thorium B. 

A typioal photooonversion spectrum of Oo60 used for oalibration 

purposes is shown in figure 9, 

Oogper 62 • Zinc 62 

The positron spectrum of the ten minute eu62 was first observed 

by Orittenden25 in a cloud chamber. Hare recently Beoker26 studied 

the spectrum in a beta apeotrometer using sources of copper foil which 

had been irradiated with 22 Mev X•raya from the Ill1noia betatron. $ 

His method or observation required the use of rather thick sources 
2 . 

(ll mg/om) sinoe·no ohem1cal separation could be made, Also because 

of the short lifetime of Ou62 ~ number of samples had to be used 

making it necessary to normalize each observed interval with the 

preo1:1ding one. 

62 
A more convenient method of observing the ~u spectrum would 

be to use its parent Zn62 ~s a source. zn62 waa reported by Miller
27 
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as a K-oapture activity with the half-life of 9.5 hours, thus the cu62 

formed by the decay of zn62 would appear to deca.y with this longer life• 

62 time. A sample of Zn was prepared by bombarding a thiek copper target 

with 100 ~v deuterons in the 184•1noh cyclotron. The reaction is 

68 62 62 Ou (d,Sn)Zn · • The Zn was separated by t'irst electroplating out tho 

majority of the copper and then performing a chemical separation on the 

remainder. Only about 100 micrograms of carrier was added so that a thin 

source of about 0.1 mt/Gm2 thiokness on t. be.oking of Formvar film was 

prepared. The beta spectrum is shown in Figure 10. There are three 

features 1n this spectrum., a high energy positron component arising from 

the deoay of Qu62 , a lower energy positron CQmponent from the decay of 

62 Zn , and two conversion peaks oorresponding to the K en4 L conversion 
' 

. 62 
lines of' a 41.8!. o.s Kev gamma-ray following the decay of Zn since 

the energy separation or the K and L linea is just equal to the difference 

between the K and L binding enerc;ies in copper. At this low energy the 

absorption of the 0.4 m.g/om2 nylon window of the Geiger counter begins 

to have some effeot so' that the K conversion peak is probably absorbed 
... 

• slightly more 'than the L conversi~n peale, Renee the observed ratio ot 

the It wacl L conversion electrons would set a lower lim.it on the aotual 

ro.tio. This ratio is approximately 6.4 e.nd would oorreepond to either 

an electric or aagnet1c dipole transition. A Fermi plot or the positron 

spectrum iS showu in Figure 11. the upper limit of the cu62 poaitron 

speotrum obtained from this plot is 2.92 + o.o2 ~v and is about two - . 

pero.ent higher than the value ot Beokor26• Subtraction of the extra• 

polated strai€J'l.t line Fermi plot for Ou62 from the total spectrum gives 

the Fermi plot i"or Zn62 shown in Figure 12. The upper energy limit for 
S2 . 

Zn 1s 0.665.! 0.010 Mev. Tho curvature in this Fermi plot oan be 
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attributed to a small amount of baak soattertng from the muoh more intense 

cu62 spectrum. The half-life of zn62 1a 9,33 hours as indicated by 

Figure 13. Comparison of the number of positrons in both the Zn62 and 

the au62 apeotra ind1oates that Zn62 decays about ten percent of the 

time by positron emission and the remainder by K-oapture. According 

to the Fermi theory of beta decay positrons ahould be emitted twenty-

five percent of the time. this sort of discrepancy is common because 

of the very e~rong energy dependence of the probability for positron 

emission. Perhaps a slight error in the upper energy determination 

would account for this difference, The nuclear matrix elements ohoul4 

be the same for both K~apture and positron emission. However, another 

camplioation is the lack or knowledge of the branching ratio of the zn62 

decay where the dec~ might take place t<) two states separated by •41, 8 

Kev. This would be difficult to determine w·ithout experimental knowledge 

62 4 of the conversion ooaffioient. The Ou he.a e. tTy., value of 13.4 x 10 

62 4 and th.e Zn has a f -r ~ valuo of s.a x 10 (taJd.ng into aeoount the 

decay by K•Oapture tmd positron emission) whioh experimentally olaseifies 

both apeotre. as allowed. 

Absorption measurements have indicated e. maxim'Utll energy of 2.5 Mn 

for the positron spectrum of cu62• Beoause of the very wide discrepancy 

of the values of the upper &nergy limit obtained from beta speotrometera 

and from absorption• euep1oion was put on the validity of Feather's rule 

for high energy poSitrons. Since the Ou62 activity is often used aa a 

monitor tor hard gQZi1llii'.l radiation from synchrotrons and betatrons. it 

was thought to b& profi ta.ble to make a. careful oheok to see if absorption 

techniques could make a good determination of the upper energy limit of 

the positron !Spectrum. Absorption OUM'e'G .for both zn62 ~ cu62 n~d UaOa 

... 
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SU\ples \vere made exercising great care t0 keep geometry for both G'amples 

the same. Correotions f'or deoay of both sample end background were made 

since annihilation radiation accounts for part of the background. Absorp• 

tion curves are shown in Figures 14 and lS, and the Feather anQlysia is 

shown in Figures 16 and 11. The val~• of the u~per limit obtained is 

a.lS.'Bev, far hi~her the.n other absorption measurements. The only 

conclusion tha~ can be drawn ia the.t feather's rul• is valid but the 

experimental method is inherently in•oourate. 

Indium 111 

The investigation or the 2,.1 day !(.Capture activity of 1nlll was 

undertaken in conjunction with ths other isobaric activitie$ Aglll and 

Cdlll. This activity wao first investigated by Lawson and Oork28 who 

reported oonve~s1on line$ corresponding to g~ energies of 0.173 and 

0.247 Mev. Goincidence me•surementa made on these two gamma.•rays by 

Bradt29 show that tho two g~s are emitted in oasoade. The sample of 
lll . 

In wa.s made by a ( C( .an) retLotion on silver, and a souroe na prepared 

of e.. t~ .m.g/cm2 thickness iuoluding the eylon film baoking. The speotrum. 

was taken and is show in Figure 18. Four oonver6ion peaks are present 

having ene~gies of 142.2• 164.9, 2}.6.5, and 239.9 ttev. The first two 

\'S.luea oorr$Spond to energies of K o.nd 1. oonvereion lines for a transition 

of 0 .• 169 ~ 0.004 Mev in oadmium. The latter two peake correspond to a. 

o.243 + o.oo4 lev transition in cadmium. Because of the rather high - . . 

threshold fot the reaction 1 t was thought that some positron en:duion 

might be present. A acareh for pod trons with the baffle dasoribed e.bove 

proved unsuooessful. 

'fbe· 0.243 Mev gamm&•ray is the same as the one observed in the decay 

ot the Cd11l:iaamer ~1ioh has an upper state ot 48 mtnutea ~a.lr•life an4 

whioh cleoays with the emission of a. highly converted 0.149 :Mev gtllllD&•ray. 
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. The ratio or the conversion coefficients of these two gamma•rays has 

been measured by .Mr. c. L. McGinnis with the spectrometer described 

here. Be !'inds the re.tb of the number of conversion eleotrona for the 

0.149 tuld 0 •. 243 ~ gatllllla8 tQ be about 10. With this information and 

with the' knowledge that the two go.Bllllu.•rays originating from the tn111 

deeay Eare in cascade one should be able to form a decay scheme in whioh 

the experimentally obqerved lea turea would serve as a oheok on the 

theoretical ooncluatone. From the lifetime and· the energy of the Odlll 

isomer one oe.n tind that the transition according to the ob.asifioa·tion 

of Axel and Danaorrl1 involves a change of four units o.f' angular momentum 

and. from th~ ratio o.f' the K/L conversion electrons the transition is an 

eleotriq 24 pob. The eon-version ooeff1oient aooord1ng to the tables ot 

14 · Rose would then be 7. 4. 
' 

then the conversion ooeffieient for tho 0,243 
* 

.Mev gatnma•ray 13 0,091. The ratio ot the number of oonvcrsio.n electrons 

from the 0,169 Jf..ev trantSition to the number from the 0.243 11eV' transitiOll 

·is 1. 7. Again fi'otn the tables of Rose if one takes ratios of K oonvereion 

coefficients for the ·two trans:?.tion.s ft:Jr ~11 possible combinations ot 

multipole orders both electric and magnetic and compares them to the 

exper~ntally obsen-ed ro.tio of 1.1. all transition;; can be ruled out 

except where both transitions are both el'ectric quadrupole or magnetic 

dipole. ·Deutsohao he.8 shown that the half-life or the 0.243 l!ev sta.te 

ie 8 ~ 10-8 second• wnioh 1s not inconsistent with an electric quadrupole 
~2 ,l 

transition, 1'hes• trans·itions give ·169 • 2.74 and 169 ·• 2.67. 
2 1 

ex 2tl3 '243 

All rt.tio.G lower thAn 1, 7 can be ruled out as oontre.ry to. observed £e.otas 

all those muoh larger would indicate an ex.oessive branching of the 1n111 
. I ' 

)It-capture decay to the lower state. Rawover, in order to roconoile the 

disagreement between 1.1 and 2.6•2• 7 a brenohing; ratio of about 36 peroent 
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would havo to be postulated. ;Juoh a decay scheme is shown in Figure 19. 

It would be consistent to assign the same or one more degree of forbidden• 

noss to the trane~ition to the lower state, as positron radiation does not 

09our am the transition. probe.bili ty is about the same. As required by J. 
being even the parities of e.ll states o£ 04111 would be the ae.me. The 

spin ot 04111 in the ground. state is l/2 so the ap1n of' the 0,243 Jaev 

level would have to be 5/2 and the 0.410 Mev lovel 9/2. The spin of 

the isomerio state wo•.Ud have to be 13/2 on this basis. 

Silver 111 

'l'he study of the 7.5 de.y .aglll was undertaken in connection with 

tho other isobaric activities tn111 and Cd111 1n order to correlate the 

deo&.y scheme shown in Figure 19 in oonnaotion with the discussion ot 

Inlll. Aglll has been studied by a n~ber of investigators31•32 who by 

absorption measurements determined that there was no apparent gB.llliila 

radi~tion l;leaides a continuous beta spectrum with upper limit around 

l M~v. In order to confirm this a sample of Ag111 prepared by separating 

silver from palladium bombarded with neutrons was mounted on a nylon film 

so that the total source thickness was of the order of e. few mg/cm2• The 

beta spectrum was examined quite carefully for conversion electrons 

particularly in the region of the conversion lines of tn111• No 'evidence 

was found for anything but a simple beta spectrum whiah is shown in 

Figure 20. A Fermi plot of this spectrum is shown in Figure 21. 'l'he 

upper energy limit t:rom this plot is 1.04.! 0.02 Mev. The fact that no 

gamma transitions are obse.rved requires that any transition to fUl upper 

state be at least onoe more forbidden than the one to the ground state. 

This requires that the parities be the same for the initial and final 

states otherw1ao tne degree of .t'orbiddenness would be the same to the 
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ground state and the first exoited stat~. However, making the p!lrities 

the. same m&.kGS tho transition to the ground state allowed. The £ YJa... 

value for the Aglll beta spectrum classifies it as a first forbidden 

transition. So probably there is an additional seleotion rule operating. 

Yttrium 90 

Ae was mentioned earlier the spectra of forbidden transitions 

may in some oases be expected to have shapes different from those or 
' allowed transitions. The exact form of the momentum distribution in such 

oases will be detsrmined by the form of the particular interaction between 

the nucleon and the eleotron-neutrino field th6t ie assumed. Sinoe the 

· to·bidden factor may be dominat&d by terms whiah are not dependent on 

energy or if selection rules other than those on spin and parity operate 

so as to increase the half•lifo, it ia possible tor a onoe forbidden or 

twioe .torbiddon speotrum to have e.n allQwod shape. The shape of an 

allowed spectrum 1s determined by the statistical distribution of the 

momentum between the ell\'l'otron and the neutrino and hence gives no direct 

uniqueness to the form of the interaction. HO\M"'er, a distribution 

different from an allowed spectrum would be oonsiatent with a theoretical 

desc~iption, Only two types of forbidden spectra have been found to date, 
... 

:a~> notably the RaE spe"otrum investigated by Neary33 and. a group of olements 

having the uame type .ot spectra t 90 , sr89 , t 91 , and csl37 investigated 

rsoontly by Langers4 and wu35. The RaE opeotrum oan be aooounted for 

but tho explanation involves considerable arbitrarines.s in the evalua• 

tion of severAl matrix elements that appear in tho forbidden faotor. As 

a result., one cannot oome to definite conclusion&" reprdine the type of 

interaotion on the baaia of the RaE spectrua. 
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In the tensor interaction (Gtunow•'l'eller .seleot1on rules) when the 

disintegration involves a spin ehange of one unit higher than the degree 

of forbid~enneas all but one of the nucle~r matrix elements vanish so 

the.t a unique spe~tral distribution is predicted. The ebove four isotopes 

are all found to have this distribution which lenda a great dee.! of 

weight to the Yalid1ty or the Gamow-Teller seleetion rul~s especially 

einoe tho nuolear shell etruoture analyeia of Feenberg and Hammaek36 

. . ) 9l 89 
predicts a spin ohange of two units and a parity ohange for Y and Sr • 

'the unique energy dependence ditt'ere tram tbe allowed shape by the 

factor 

2 a p. + (W ... w) . 0 

where the terms correspcmd to the squares of the electron•o e.nd .. the 

neutrino's momenta. lt one made a Fermi plot of the spectrum AS one 

does conventionally a deviation from a straight line would be expected. 

However, if the values of the conventional Fermi plot are divided by 

the factor [p2 + (W
0 

- w)2 J l/2, a straiiltt line should reault. 

Throuth the kindness of Dr. J. w. Go~ a sample of t 90 

( T 1).. .,: 62 hours) ohemioally separated from 1 ta beta e.cti ve parent sr90 

(T1j., cs 26 years) hs .furnished• The sample was mounted on a film. ot 

lf'ormv~ forming a souroe of e.bout 0.1 mg/ml· a.vere.ge thiolmesa. . The 

Fermi plot of the speotrum is shown in Figure 22 ahowing the definite 

nonlinearity oharacteriatio of this interaction. 

sue spectrum has been divided by the factor [p2 

and it is seen that a very good straight line fit is obtained over the 
. 90 

major portion of the spectrum. The value of the Y end point is 2.30 + -
o.02 Mev whioh is sli~ttly hicher than that observed by tanger34• 
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Tin 12$ 

The 9.5 day tin aotivity has been tentatively assigned to anl28 by 

Newton and McDone1137 by the bombardment or enriched isotopes of tin by 

deuterons with the 6Q-inch Be.rkeley oyolotron. This assignment ma.y be 

open to some question sinoe three isomers must be placed at sn123• 

Besides the 9.6 day period a 39 minute beta period has been obsorTed with 

an upper energy of about 1.1 Mev accompanied by a 0.11 Mev gamma and the 

~ttmony x•raya indicating that the 59 minute activity decays to an 

123 excited state of Sb followed by gamma emission to the ground atate, 

the gamma being partially converted. AnG"the.r activity assigned to Sn123 

is a 130 day period with a beta energy of about 1.5 Me~ and no gamma. 
,, 37 ' 
Absorption in aluminum of the 9.6 day period indicated the presence 

of a gamma•ra, corresponding to o.4 percent of the total radiation, low 

for a gCUnl'Da'!"ray unless it is highly converted. LeaA absorption curves· 

on this radiation 1n4ioated the possible presence ot a 1.5 Mev &$mm&• 

A s~ple of the s.s day tin made by fission of thorium with deuterons 
. . 

Qnd sep~rated with 50 micrograms or carrier waa furnished by Dr. A, s, 

Newton. The beta spectrum was inveetigated by mounting a small portion 
.. 

. 2 . 
of tqe sample on a nylon film 0.4 mg/cm • the film accounting for the 

major thickness of the sample. A Fermi plot of the beta apeotrum is 
' 

shown in Figure 24. It was noted that this spootrum has the same 

90 general shape aa the forbidden spectrum ot Y , .Tho tc:;Vz. value of 3,7 

x 108 i'or the 9.5 day tin indicates that the spectrum. is in the second 

forbidden classification as ia Y90• Division of the conventional Fermi 

plot t1y the f'aotor [ p2 + (W
0 

• W) 2 ] l/2 gives the Fermi plot shown 

in Figure 26, A straight line rela.tionahip is now obtained for the 

larger portion of the speotr~ A low energy beta spectrum is present, 

boing about ten percent of the 1ntens1t7 of the higher energy epeotrum. 
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BDth spectra appear to decay with thQ same lifetime. In Figure 26 i.a the 

Fermi plot or the low energy oomponent when the extrapolated oo~tribution 

of the high energr distribution is subt~&oted out. The values of the 

upper energy limits for the two beta. spectra are 2.38.!. 0,02 and o.400 

!. 0,006 Mev, the remai~der of the Semple was placed in a copper radiator 

and a search wa.a made for the Compton electrons from any gamma radiation 

present.· The results were neg;ative.indicating that if there is any gEUlUR.& 

radiation present it is extremely weak .. 

The fe.ct that this speotrurn has a forbidd•n shape ia i.n agreement 

with the f l:;r-< value. · The shape could hardly be attributed to such 

things as source thickness Ol" resolving power, the major difference& between 

beta speotrotraphs. Wu38 has made experiments with y9l varying these two 

quantities, IncreaSing the eouroe thio1aleu tended to straighten out the 

Fermi plot because or greater baok scattering at the low energie~. Ve.ry-

ing the resolving power.had no efteot on the shape. 

L1 ttle significance oan be put on the, ourftd shape ·of th.e low 

energy component &inoe the subtraction proeoss ia subject to large errors. 

The baCk scattering of the high energy spectrum ie not taken into aooount1 

henoe a small number of soatt;.ered electron$ Will. appear tenfold in the 

low energy OOll'lponent, It it most pu.z&ling thQt there iS no t;amma. radia• 

tion when a branching ratio thiS large iG observed. Attempt$ to separate 

an antimony daughter from the 9.5 day activity aet a lowe.r limit to the 

. . . . 37 antimony hal.C.l1t~ or 200 yea.ra • 

Cadluiwn 115 

The 2.33 day aoti"tity o£ cadmium was found by Cork and 'l'hornton39 

who bombarded cadmium with d.eutero.ns. They found that ohemioally separated 

ce.dmiurn 1noreased in activity f'or a short time before beginning to decay. 

Subsequent separations of indium from the oadmium showed that the aotivity 
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decayed with a half•life or 4.5.hours. This is the well known isomer of 

tn116·• tawcon and Corok40 irweutige.ted the bet& .spectrum of ad115 and 

found what appears to be a complex beta spectrum with E
0 

= 1.13 U$v, ln 

addition two g~raya •ere found. The first was highly aou.vorted. a.~d 

corresponded to the o.as1 Mev gamma observed· in the 4.5 hour indium~ The 

other. gamma was much weaker and had an energy of o.s4 :uev. They poatule.ted 

a d.eoa.y aoheme sh·own in Figure 21. 

·~,the course of the investigation of the 43 day Cd116 a sample ot 

the 2.33 day CdUS was prepared. This was done by a (d.p) ree.otion on 

. . I 2 cadmium neoes$itating a sample of several mg1~ thickness beoause of 

the low speoifio activity. The beta spectrum shown,in Figure 28 ic 
~Jio 

• essentially the same u that observed by lAwson and Cork. 'l'he aonversion 

line has an· ener«.Y ot. o.sos Mev giving a gamma•ray energy of 0.334 + -
o.006 Mev. A. i'•nd plot was made of the portion of the spectrum not 

obaoured by the strong conversion line and is shown in Figure 29. 

there are· two dieoontlnuitie~ !3orresponding to t.he two end po.inta of .. 
the 2.ss day Cd115 beta speotrum. The high energy portion of the .Fermi 

plot goes with t-he 4$ <lay OdUS isomer. 'l'he upper limit of the beta 

epeotrum to the iSomeric state is 1.12- !. 0.03 Me'O' whilo the low energy­

beta component has an upper enorgy of 0.65 + 0.10 uev. The poor reaolu• -
t1on of this value is due m$1nly to the thick source. A photoelectron 

. 2 . 
spectrum ueing a gold radiator ot 10 rng/om thioknese is shown ill Figure 30. 

'l'he energies of the K and L photoooawraiol1 p~ks are 252.0, 313.1, 442.6, 

and 511.0 Kev. !he firat two oorreapond to a gamma•ray of o.334 + o.ooa . .. .... 
llev o.nd. the latter two correspond to a gamma-ray energy ot 0.523 .! 0,010 

Mev. These '9'&lues are lo'Wel" but agree within the probable error with 

the values of Lawson end Oork:. The beta tramitiono to the two upper 
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116 
states of In probably have the se.me degree of forbidden.neu. The 

6 t -r)!., va.lue of the 04.115 bt)te. is e.s x 10 indicating a .first forbidd&n 

speotrum. The higher energy component of the beta spectrutn can be firat 

forbidden and the lower energy component oan be allowed, but beoauae ot 

the strong energy dependence or the transition proba.bility the transitions 

will be slightly favoTed along the first forbidden path• Since the 

0.523 Mev gamma i~not converted it is probably a simple dipole radiation. 

The lifetime of the 4.5 hour state together with the tre.naition energy 

of' 0~334 Mev indioate .aoeording to the ole.Gsifioation of uel e.nd Da.noo£r11 

a change in angular moment~ ot 5 requiring a spin change of at least 4 

and a parity chm:lge. Using these data. one can conatruot e. level scheme 

w~th spins and .parities that will be consistent ~ith observation. One 

e.seumss enn parity. for the ~round state of rn115 and the spin has been 

measured to be 9/2; The first exoited state oould have a spin of l/2 Qlld 

odd parity and th() next excited state above it 04n havo a spin ot aft and 

even parity. ln. order to make the beta transition to the 4.5 hour ste.te 

1.n 1nllS ttrst forbid<leu and allowed to tn$ next higher state, the spin 

should be l/2 with even p6rity. i'he level scheme agreea with that 

proposed by Lawson and OorX. 

The 43 da,y a,.otbity in aa116 
wtl8 first reported by Oork and Lawson41 

'M\o noticed a. long U.ved 8.otivity after the a.sz de.y oe'lmponent had died 

out. This activity was assigned definitely to Od116 by Se:ren and oo-work•rs42 

by bombardment ot -cadmium with •low neutrons and. by n,p reaction~ on ind.ium.. 

·to investigate thie bqm.eric Aeti·v:ity a s.ample wa..s obtained from Qe.k: Ridge.· 

The sample oons.1sted ot ~ millicurie of C<t116 in aeven.l grams ot cadmium 

me~l.. Bocause of thil lO\lt apecifio aotivity a sourco or oonside:rtible 

thickness (10 to 20 mr/'tjm2) 1'18.S required. the beta ~peotrum is shown in 
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Figure 31. 'l'he two oonvex-sion line"' at the low current are due to e. 
109 . 109 

04 con:te.mination of tha a ample. The Cd is a I capture activity 

decaying to the Ag109 ioomer which emits conversion electrons oot"r~pond• 

ing to a 88 B:ev transition. There is a vary ame:ll oonvors ion peale 

ray .ia about 50 percent converted, then comparison of the area under the 

. . . ·4 
peak with that of the total beta spectrum indicates that about 10 ot 

the dieintegrations ·go through the 4.5 hour isomeric state ot In115 • 

115 
A ·Fermi plot of tho 'beta spectrum of Q.d 18 shown in Figure 32. 

the large curvature •t ·the lovt energy portion 1e due m&inly to the 

s.ouree thiclme~s whi.oh introduces considerable back scattering• HQWGver, 

a branching ratio is indicated by th.e presence of the 0.334 !tev oonver-

,sion line and this would aocoount for the presence of' the low~n· energy 

components. The upper· Umi t of the beta spectrum is 1. 65 + o.o2 Mev. -115 115 ThiJ value would place the 43 day Od ieomer above th~ 2.33 Cd 

·isomer by o.a Mev •. · Since no evidence for such a gamma•ray he,s .. beon 
. . 5 

found the gamma transition must oorrft8pond to a.t les.et e. 2 e.nd probably 
6 . . 

a 2 pole transi~ion. This would require that the spin of the 43 day 
U6 · . · 

Od would. be 13/2 and ita parity even. This agrees with the faoct that 

the transition to th• groun4 state ot tn116 .is second forbidden. The 

assignment ot a pins. to the two isomeric states is also in agreement with 

·. . .·114 . 116 
the fact that i.n the reaction Od . (n. ~ )Od with the,rmal neutrons 

the erose lieotion or the 2.3 dil.:y pe,riod is eight times that for the 43 

10 day poriod • The decay sohettle is shown ln Figure 33. Recent work 

still in progress indicates that th~re a.re other levels in lnllS.. One 

' level has been .found 0.225 Hev above the J'tigheat level in Figure 23. 

Evidence oonsists in the observe.thm of photoeleotrons from a 40 m.g/cm2 
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uranium radiator oorr$Sponding to gamma-ray energies of o.za Mev and 

the 0.52 Uov transitions. These energies o.ro consistent with levels found 

by Waldman 43 by exo1te.t1on of Indium with x•raya. He finds le-vels or 

0•81 Mev and 1.02 Mev e.bove the ground state. The orose section of the 

latter level is much larger. Since he observes no direot excitation ot 

the 0.334 ~v level one can say that the spin of the 1.02 uev level ia 

half"'Way intermediate, 'between those of the ground .state and the 4,5 hour 

leYel. Other radiations not yet correlated have been found, 

~oknowle~t~ 

In conclusion I'wiah to express my thanks especially to Professor 

A. c. Relmhol& tor h1e·oontinued interest and auggeations regarding 

the problem and, in a number of instances, for making the bombardments 

and chemical separations for me, I elao wish to thank the Radiatian 
' 

Laboratory for milking their facilities avaUable to me. finally I 

wish to express gratitude to the Atomic Energy Commission tor 
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Appendix 

The following six figures contaln sohema.tio diagrams of 'the 

electronic circuits developed expressly for use with the beto. .sp~atro-

meter described in this paper. 

Figure :54 - Sohematio Diagram of Generator Field Supply 

Figure 55 • So heme. tic Diagram of D.c. Amplifier 

' Fi{';Ure as • $chemat1o Diagram of Geiger Coun·ter Preamplifier 

II n Scintillation Counter 
Preamplifier 

Fi~ure 57 • Sohematio Diagra~ of Pulse Amplifier 

liguro 58 ... Sahe:matic Diagram of Coincidence Oircu1t 

Figure 39 ... Schcmatio Diagram of Counting Rate Meter 
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