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ABSTRACT

¿in iron-jacketed intermediate-image Siegbahn-Slatis

beta-ray spectrometer rngnufactr¡red commercially by IKB-Produkter

Fabriksaktiebolag of Sweden is described.

Ádjustments and alignment of the internal baffles were

camied out prior to obtaining a calibration for the instrument

using the weLl-known thorium actj.ve deposit conversion Lines"
p3?-p33 spectra were taken for the purpose of obtaining a

correction for counter window absorption" An excess of low-

energy electrons in the spectrum was investigated and appeared

to be due to scattering. Á newly devised technique of making

V.T.N.S" film source backtngs is describe{,

/rn iridium-l9Z beta spectrum was obtained with each

of three differenÈ sources. End-point energies of 688, 564,

and 269 kev were found and cornpared with the resul-ts of other

investigators" K-cofiversion coefficients and K/L ratios were

measured for the conversion lines of the 296r 308, ir6, and

468 kev transitions. comparison of oK values with previous

experimental and theoretical resu]ts for E2 transitions
suggest that the theoretical coefficients are bQ/o too high.
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Chapter I
INTROÐUCTION

Sec. I:1 Nucleal Spectroscopv and l\luclear-FropertÍes

Soon after Becquerelts discovery of radioactÍvityt

the electronic nature of 9-radiation and the electromagnetic

character of y-radiation v¡ere established by Rutherford and

El}is respectively. It was not, however, unü1l 19IO that the

first atternpts at energy determinaüion of p-particles l¡Iere

nade by v. Baeyer and ¡¡"¡n(1) by means of a simple magnetlc

spectrograph. The following yearr it hlas noted by v. Baeyert

Hahn, and lr¿eit,ner.(2) thaü a continuous distribution of

radi.ation or continuum was present in F-spectra as well as

discrete lines. ïn ]911+, Rutherford and 4¡¿¡¿¿s(3) measured

the wavelengths of y-rays by crystal diffraction. Here also ¡

dfscrete lfnes vüere observed¡

These early experiments ín nuclear spectroscopl¡,

the study of radiatíon emitted by nucleir initíated the

developmenü of nuclear physics. The presence 9f y-tay lÍnes¡

for Ínsüance ¡ suggested that a gíven nucleus is capable of

existing in only certain discrete energy staües wt¡ose

energy differences are those of the lines in its 7-ray
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spectri.m. This and other information provided a basis for the

shell modeL of the nucleus according to which individual

nucleons occupy sharply defined energy levels in much the same

way as do orbital el-ectrons in the atomic case. Transitions

between nuclear l-evels give rise to y*emission in a similar

fashion to the i^¡ây in which transitlons between orbital states

yield visible 1ight.

B-spectra, however, posed a more difficult problem

of interpretation. Initially, it v\Ias thought that since the

discrete B-lines were grouped in series whose energy differences

were precisely the differences in energy of the various

electronic states, they were due to photo-el-ectrons ejected

from the K, L, etc. orbits by the rnonokinetic y-rays emitted

by a nucleus in the process of de-excitation after p-emission,

Alühough the modern view has retained the gross feaLures of

this description, the i-nterpretation of the ejectÍon mechanism

has had to be abandoned in favor of one involving a direct

interaction of the nucl-eus with the orbital- electrons.

( See sec. I: 3) ,

0n the other hand, the B-continua hlere not explained

until after the introduction in L934 of Pauli!s neutrino

hypothesis which explained the continuous energy distribution
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of Fts by asserting that B-crrission ro¡':s in f r.çt :ìl two prrticle process

in whlch a neutral particl-e, the neutrino, having a vanishingly

small rest mass, shared the available energy of a transition

with the sirnultaneously emitted electron. (See sec Ii2J,

Much information can be gained from a detail-ed

study of B-continua. For instance, the shape of a continuum

can yield j-nformation about angular momentum and parity changes

in a transition whose available energy can be determined by a

measurement of the end-point of the same continuum. Together

wíth data from y-ray measurements, this information permlts

the construction of nuclear decay schemes which, by systematizing

observed facts I shed light on nuclear properties.

Sec. I:2 ThgPrJ-of ß-Deca¿

Illustrated in fig. I.f a is a typical B-continuum.

The wel-l-defined end-point and the continuous momentum dis-

tribution both point to a process in which the avaiLable

transition energy is shared between 2 particles , a I - particle

and a neutrino. The end-point energy clearly corresponds to

the case where the B-particle receives all the available

bransition energy and the neutrino receives none. Hence A

measurement of the end-point energy yields a value for the

availabl-e transition energy.
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A,SINGLE ß -ÐECAY & CORRESPONDING SPËCTRUM

B. DECAY WITH TWO ß.TEEDS SHOWING SPECTRUM
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rn order to obtain an equation for the Ê-continuum

the following 2 assumptions are made:

1) In a single transition, the Ê particle and

neutrino are born simultaneously.

2J These are treated as relativistÍc parüicles

associated w1üh a quantum-mechanical radiation field.

The momenturn distrlbution P(p) of p - particles can

be vnritten;

P(p)dp = r(pl 9g 
(+l

dEp
---( r-1 )

p(p){p 1s actually the probabllity that a Ê-particle wÍII be

emftted with momentwn in ühe range Pr p+dpr ând t(p) ls ühe

nuclear transition probabflity which w111 be discussed later.
g+ is the energy density of ffnal states and represents the
dEa
po5sible nr¡¡aber of oscillatory modes per unit volume of the

p-particle radiation fiel-d expressed in terms of the energy

and/or momentum of the Ê-particle.

ïn order to

is adopted:

i ) Fírst the

per unit volume of the

neutrino is found,

.dncaleulat" ffiU, the following procedure

number of possible modes of wave motion

de Broglie wave of elther a Ê or
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ij- ) The number of ways in which a I and a neutri-no

could co-exlst is cal-cufated assuming that a I particl-e with

a given mode can be emitted concurrently with a neutrino

having any mode during a single transi-tion.

iii) Since the only possible pairs of modes are those

for which the sum of B and neutrino energies equals the total-

transition energy E*u*, the possibilities are adjusted

accordingly.

i) In order to obtain quantum conditions for the radiation

field, box normal-ization is used. If â¡ b, and c are the

lengths of the sides of a box, then the conditions for stationary

hraves within that box are:

l" = trI).' , mb = n4)', Ec = n3À-'azzz
/1

where ,(, m, and fi, are the direction cosines of the normal to

a de Broglie wave front, where nl, ftZ, n3 are positive integers I

and where }i is the de Broglie wavelength.

srnce ,l 2 * 
^2 

* n2 = f , substitution of the above

relations into t'his yields

^2 n2 n 2
"1 

^ * 
"2^ * "3^ = +^ r.T -r\

at b¿ c4
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which is the equation of an elliPsoid in n1 nZ nj space.

If À is specified, then the number of points on the elJ-ipsoid

for which n1 r frZ, and n3 are positive integers is the number

of modes for a wave of the specified À. The number of modes

in an interval d À is obtained by computing the vol-ume between

the positive octants of 2 ellipsoids corresponding to ) and

À + dz\.

The vol_ume v of the positive octant of an ellipsoid

is sivc-;n bv V = l n ¡,BC where ;+BC are its semi-âxês. Hence'6
for ellipsoid (T-2) we get

t7uÀ =*"*
) )tt

Thus dV,, = - 4n abc o^ is the vol-ume bet,ween the two/\ À4
ellipsoids. ff )r is smal-l , i.eo , if the ellipsoids are Ìarge,

then dV X is, to a very good approximation, equal to the

number of modes in dÀ since there is but one point pcr unit

voöume to be considered in n1 nZ n3 space.

Hence if dn is the number of modes per unit volume

of real space, then

the number of modes = Vdn = dV) - - 4n alc ¿r.
À4

and dn = - ¿ufi dÌ'
\-+
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2rtIf k = å:j is the propagation constant, then

^ t2axdn=-,
2rL

Thus if dna is the number of possible modes for a p wave
P

function per unit volume; then
r.^ - t2at
It f t ^, 2n,

Similarly n}u n¿{n =,.Y-.5åq¡¡r/ 
^ )

' '¿fi*

where d.y is the number of modes per unit vol-ume of

a neutrino wave function whose propagation constant is denoted

by ec

ii) The number of ways, dn, in which a neutrino and

p-parùicle, could .be emitted together is cJ-ear1y
ac

dn=dna.d.nn,=qtÊq.E+Y / 2¡a Zna
h hq whereSince these are de Broglie wavesr p = f = h k and x 7

p and x denote the momenta of the F and neutrino respectively'

o. o dn = (lrn)z p2¿p *2dn

;6-
UsÍng the relativistic expressions for energy

EoZ=^2"4np2"2t<'
Y

En,Z=^?,"4**2"2
Tf



where m and my are the rest masses of the ß and neutrino

respectively, we get:

(+n)2 E9 Eù.hp2:-mã4 ,',r;2-*,2;J; dnp day
dn=

n-c"

iii) Since only those pairs of modes åre possible for

which Ea = E-. - tr
y ..ràX -y

dn = (;!þy Ee(Emax-Es) (Eß{-,rJ ('(%.;-rp) f-'*i drp dnp

where the negative sign is ignored since only I dnl is of

interest.
If it is now assumecl that *y = 0 then

dr =(¿*n) 
2pZ(n*u*-nß)2dp ---(r-r)

dEp -----;{E

since V'EBZ- ^2"b 
= cp and EgdEB = "2 p dp.

Equation (I-S) is the energy density of final- states which

was sought"

The nuclear transition probability T(p) may be

written in the form;
l-t +ìî
ì-J'r H Ør di

LI

cJ

T (p )^' l+ . \
---t 

| 
-L 

l\ + Y.|
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. .r.

where J- 1 is the initiatr nuclear wave function, f ¡ is the

final nuclear wagp funcþionr âRd'H is a Hamiltonian operatorr

Psrrl(À') chose H to be of the forrn

H = EgBQy ---( r-5 )

where g is a constant and pp and P, are the time independent

ulave functions characteristic of the Ê and neutrino fields.
Since there is but slight interaction between a neutrino and

a nucleus, it is reasonable üo choose þ'y* u*p (i g,r), ioêo1

the free particle wave function. Tf, for the moment, coulomb

effects of the nucleus on 91s are neglected, then Pp^rexp
(i k.r), but this assumption is valid only if EB is largeo

Thus exp [itE-sl .fl = t+ Í (k+g) . r [tt-Sl .=] , + ---( r-6 )

Since p1 and p¡ vanish rapidly outside the nucl_€üs r

integration over r is taken from zero to the nuclear radius

over which range (E+g).9 and succeeding terrns are small for
transition energies less the I mevo using this approximation,

t( p) becornes;

T(p).-v e2
2 ---( r-7)J*-, r dr

r(p) = f r'l*lt ---( r-8)

where l*l' is a constant,
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-e)

urnption

where

ompensated

whlch has

ituting Eqn. (I-7) and ( f-¡) ln ( I-1) ,

ssion for P(n)ap is obtained.

^¿1

,ì =lsZlmlt l,- .2 'ì-r | 

- 
' 

.E*"*-Ep)' Þzdp ---( r
lj"t"4,)

is however invalid because of ühe ass

i k.r) which is untrue at low energies

beeome large. These effects may be c

the so-caIIed Fermi Eunction, f(Zrp),
and tabulat,ed. (5)

;p !r I 
dlgl:-Ï, , , o, pz (E*"*- Ep ) 

a ap'r 
þn3c afrT J

Substi

following expres

P(P)dP

thls expression

that 9p--,exP (i
Coulomb effects

by a function, t
been calculated

Then
P(p)dp

Hence

Usually this is used in the form:

(lo- € )

d- (Er"*- Ep ) ---( r-10 )

10.

J.,where m is the
mc

of the left hand

whose Ep intercept

a Fermi r Fermi-

method of making

wherer} *
,?,2r ( z,\l

rest mass of the electron, and f = E=

me4

Equation (f-g) shows that a plot

side against Ep will yield a straight line
is E*u*. Such a graph, known variously as

Kurie plot, affords a convenient

P(p)
pzf(z,P)

Kurie r or



11.

an accurate determinatlon of the B-transition energyr Emax.

If a transition involving two or more B-feeds such

as the one illustrated in fíg. f-lb occurs, a compì.ex P

spectrun w"ill result whose Fermi plot will reveal two or more

distinct line segments, one for each so-caIled partial
spectrun¡ i.ê, ¡ one for each p-feed. The final or high energy

segrnent of the plot ftây, because of its linearity, be extra-
polated to lower energles as indicated by the dotted Line in
fig. I-ãa allowing the corresponding partial spectrum to be

reconstrucùed" Subtraction of this from the orlginal complex

spectrun leaves the sum of the remaÍnlng parüia1 spectra for
whlch another Fermi plot may be constructed ln the usual Râßnêre

This proceee rnay be repeated until all the partial spectra

have beon separated,

CIearJ.y, (t-tO) notds only if the integral (I-8)
does not vanish, in which case the transition is said to be

allowed. If, on the other handr the integral vanishes, the

transÍtíon may stil1 occur but the Znd or higher terms of

the expansion (f-6) must be considered and I Ul 2 will obviously
ll

be dependent on the p-energies. Transitions of this type are

said to be forbidden and result in non-Linear Fermi plots.

If r+L terms of eqn. (I-6) are necessarily retained, the

spectrurn is said t,o r times forbidden and r is called the

degree of forbiddenness"
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A'FERMT PLOT WtTH TWO ß-FEEDS

B' CONVERSION LINES

momenlum

FIG. T,2
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A more rigorous derivation of the transition pro-

bability, T(p), taking forbidden Èransitions into account

shows that the form of the Hamiltonian (f-5) must be changed

in order that relativity requirements be satisfied' and bhab

a slight correction due üo dropping all but the first term of

(I-6) must be included. The net result of these modifications

Ís that the right hand side of (I-10) must include a factor,
qm(E), knornrt as the shape factor, where n is the degree of

forbtddenness. For allowed spectra (n=0), So(E)ãI,o which is

nearly constant but which rnusü nevertheless be taken into

account in the most precise measuremenüs"

The presence of orbital electrons screens the

nuclear field in such a vùay that the Ferrnl function must be

reduced. Thus one further slight coruectionr Sr must appear

as a factor on the right hand side of (I-10). The functions

to(ó) 
"rd s(5) have been extensively tabulated.

Sec. f :3 Internal Co.nversion

A nucleus in an excited state can revert to the

. ground state by either emitting a y-ray or by ejecting an

orbiüal electron. The latter process, termed internal con-

version, v'¡as once thoughb to be a two-stage process consisting
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of y-emission followed by photo-electron ejection as outlined

in Sec. I:1r but is now believed to result from a dÍrect

interaction of the nucleus with a K, LIr LII' etc. elect'ron

whose probability of being for¡r¡d within the nuclear volume is

finite" Conversion electrons appear as sharp lines superposed

on B-continua as in fÍg. I-2b.

The K-conversion coefficient r oKr 1s defined as

follows for a given y-ray;
ñ = 

number of .K electrons qrnÍtted per uni!, ttBP*K 
number of y rays emftted per unit time

$intlarly¡ L and M converslon coefflotentsI ct and a¡4rcan be

definedn It Ca¡r be shown theoreticaffy(7) that the K con-

version coefficient will depend upon, among other things, the

y-ray energy, ühe multipol arity , ..( , or angular momentum of the

y-ray, and the electric or magnetic character of the transition

which determines the nuclear parity change once ,(, t" fixed,

Conversion coefficients have been accurately and

extensively calculated on the basis of the Ðirac theory of the

eJ.ect,nonr asswning a point nucleus, by Rose(8), and corl-

parison of these with observed values permits deduction of

the angular momentum and parity changes of the nucleus'
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The experimental determination of conversLon

cooffictrerttslnvolvesmeasurementoft,het'elativeay'easof

conversícjn lines and the p-contlnuum¡ In genefal ¡ fol Conplox

spectra ¡

- no.of K electrons ,or"ffi
t;EI "o.of transitions

o6

r^..+ no. of correspondi+g . v 1s 
= absolute y-ray

o*o totar no. of transitions

and in general, this quantity is well-known

crystal sPectrometer datao

no. of õTF-spondiñg Y 
I s

"o 

oK =

intensitY

from curved

correspo ng y-ray

In the very special case where there is a single

p-feed to a level whiCh iS de!'excited by one y-tay1 the total

number of p-particles ernitteC is equal to the sum of the

number of y'rays and' the number of conversion electrons since

eachg-tr,ansitionleavesthedaughterrnucleuFi4aFtatewhicþ
is derêxclted by elther T"em'isslon or' lnternal conversiont

Henee

area of co[rlinquq = It9'o{ B--Pêrtft'les' = no'of Krs'+no'gF Jrs

area of K-Iine no ' of K-e lectrons rlo ¡ of K t s

=l. -+ctK

rea of K-line
ãÏã-óf -Ê-cont
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In actual- factr r1o. of B-particles = no.of KlS + no. of Lts * ...
+ no. of yts and so this method is only suitable for the

measurement of Èhe total conversion coefficient, o = OK + gL* o..

Another method applicable to the determination of

the charact,¿r of y-radiation is by means of K/L ratios' i.ê. ¡

the ratio of the area of a K-Iinc to that of the corresponding

L-l-ine,

Tt is clear frorn the def initions of on and o¡ that:

oK no' of K-electrons - area of K-line - K

s.L to. of L-electrons areã-filfffi t

This ratio ís just as sensitive to angular

momentum and parity changes aS the conversion coefficients

themselves although, in the above-mentioned case, iL permits a

determination of only the percentage mixture and type of the

two or more y-rays Presenf'
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Chapter II
8-RAY SPECTROMETERS

$"q-c*,, .LIjLJåtng*+.gt íon : the FIat Spe ç9romet -q..l

/+ slmple mothod of examÍning the mome4tqn dfstrf-
butlon of, B-particles from a radioactlvE materfal was suggostod

by tho f,act ühat, owfng to t,heÍr electrÍc chargos¡ üheso

particLes are def,Xected by a magnetic fteld accordfng to thofr

rnomenta. ¡l magnetlo analyaen whÍsh accompllehss thls Ëask fE

known,.by enalo6y to optlcal spectüometersr â8 & F-ra1t

speetreseope and the ftnet Eueh, lnEtrumenÈ vfgs conetrueted

ênd usçd by v; Baeyer and Hahn(?). Thfe slmpXe rnetrurüEnt,r

whleh ucod no fEeuesing nrlnelple r wss of, the bype known as

the flat spectrographr so caII,ad because the electr0n-s movç

approx'imately in a plane perpendicular to the magnetic field.

field p
of the

The force I on an electron of charge e in a magRetic

is given by E = - e g x E ã 
$6- wnere v is the velocÍty

ele.çSron

Hençe s eBveinE

whero o ís the angle between g and B

= e B v" where v* J"e the cqmBonent of g along sor-ne

g,
dp
äg

dB

dt
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direction in a plane perpendicular to B which shall- be cal-led

the radial plane (fig. If-la).
d'

Now p.F = p.S = e p.v x B = e(p xI).8 É O-dt
since p and I are parallel.

i. ê.
s.dp = p åf = å U(# = o

Hence p2 and thus p are constants of the motion.

Thus any change in -p is due to a change of direction

and not magniÈude. Now si-nce F is perpendiculer to both g

and B we see that v (and hence p) must precess about the

direction of B making a constant angle o with it. If the

^Itrangular velocity of precesion is ol = ifr we see from fig.
II-zb that in the limit as

/_: e -à O, lr.p | = pdo and l+I r ldt
=p*=pc,r-df

Henceptrl=eBt,'
V¡orp=eBjå=eBp

where p is ühe radius of the circul-ar path of the eLectron in

thc radiel plane. Since equation (II-1) has been derived

without inÈroducing an explicit form for p, it is valid in

the rel-ativistic as well- as the non-rel-ativistic case.

---( rr-1 )
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In the case of the flat spectrometer, o = 9Oo and

so vr = v¡ The orbit of a B-particle is in this case a circl-e

having (ideally) no component of motion in the direction of

the field¡ vB.

Hence from equation (II-I) it can be seen that in

a fixed-field spectrograph, the radiÍ of the electron orbits

vary as the corresponding momenta r ând thus a determination

of the orbital radius serves to fix p, i.ê.¡ a narroh¡ bcam

of B-particles ís dispersed línearly according to its momentum

dÍstribution. This type of instrument is illustrated in fig.
II-2a wt¡ere S is a source in the form of a fine wlre, AB is a

collimating slit allowing only a naruow bundle of B-rays to

enter the spectrograph chamber, and DDt is a photographic

plate. Two groups of B-particle orbits are shor'¡n' having

radii of curvature p1 and e2 """p.ctive1y. Corresponding to

these 2 rrlinesrtrcl and cZ, parallel to the slit AB, whose

position on the plate permits a determination of p and hence

of pò The monokinetic lines are broad since the slit width is

finite and since dispersion causes each line to be broader

Èhan the slit.

A major improvement over the above mentioned direct-
deflecÈion spectrograph was the introduction by Danysz(9 )
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and the use by Rutherford and Robirr.orr(lo ) of lhe sgai=çircular
focussing principÌe. this is based upon ühe simple gcq¡qgür!çaI

'ifact that if a circle is given an infinitesimel rgtation about i

a point on its ci¡curnfer€nce ,, thgl the. diametrically gpposite ,

point is d¡sptraced, tang-entially. Henc'ê in fig, TI-Zb, the

monokj.netic beam defined by the slit converges to an approxi-,

ma.te focus approximately 1B0o along the circular path. fn

ühis bype of instrurnent, focussing is still limited to the

horizonÈal plane and a point source still gives rise to a line
on a photographic p1ate"

At this Juncture 1t should be ment,ioned that in
addition to the fixed-field spectrograph already discussed e

ühere 1s a type of lnetrunenË kno¡m ao the fl"xed gsorT€try

spectrometer in which the phoüographÍc plate is replaced by

an exit slit and a Geiger-l¡l¡l1er counter whose positions are

fixed¡ içeo ¡ p is fixedo Hence, in order üo examine different
momentum ranges, it is necessary to vary the field B. The

chief advantage of such an instrument lines in the fact that
it eLÍminates the photographic plate for wù¡ich the density of
blackening is seldom if ever simply related to the intensity
of B-radiatÍorr. 

(11)
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Focussing in the vertical plane was achieved with

the dcuble-focussing spectrometer deveJ-oped by Svartholm and
/ r al

Siegb¿þ¡trlJ in 1946 (fig. II-3). If the principal electron

orbit is defined as beÍng a circle in the symmetry plane of

the rnagnetic field B (dotted line), it is found that electrons

starting from a point S on this path and making an angle po

in the horizontal plane udth Ít ' will return to the path

after having described an angle 0p along its length. Also t

if an electron makes an initial angle fo with the symmebry

plane, iü urill return to the axis after descríbing an angle

CI, along the path. 9p and !22 are obtained fron the formulae:

---( rr-2)

---( rr-3)Yz = rr po B,(po)l -i
7t

B( o6) J

formulat #. O+ 
= 1'

æ
---( rr-[)

focussing is clearly obtained if
the condition for double focussing

(II-3) , and (II-¿+):

r poB,(po)l -+
Qp - rr f f + l,_ -ffiJ

E

and are related by the

Á,nastigmatic

9p = YZ in which case

Ís, from Eqns, ( II-2) r

---( rr-5 )
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The solution of ( II-5 ) requÍres that B should decrease es

Ll Yp in the vicinity of p = pq (tfre central path). If this
condition is satisfied, it is seen from (Il-¿l) tfrat double

focussing will occur at a point fi'll radians along the

principal electron orbit from S.

This accor.mt of ühe Í'/î double-focussing speetro-

meter serves to illustrate one of the many refinements which

havo been incorporabed into Ê-ray spectrometer, Although many

such improvements in performance have been made, the basic

principle of operation expressed by equation ( II-I) remains

the sarne even for the radically different helical spectrometers

to be discussed later. Hence the simple semi-circular speetro-

meter shall serve 1n the following as a prototype by rneans of

which concepts and formulae applicable to all types of spectro-

meters shall be developed.

Sec. II:2 Resolution in.Fixed Geornetry Spectrgpeters

A conversion line profile(1I) is the graph obtained

by ploûting the intensities of convers:ion el-ectrons at the Geiger

counter as ordinates versus the corresponding values of p (or

B) as abscissae. fn order that a line profile be a good

reproduction of the actual intensity distribution in the line,
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the detector slit width musb be such that it accepts a momentum

interval which is small compared to the total momentum interval

occupied by the line.

Now from equatíon (II-1) we see that

dp=eBz-: p ---(II-6)
keeping B fixed

Hence the momentum interval, dp I û.ccepted by a slit of width

â" p I is a linear function of B. Now if $p is the w1dÈh of a

conversion line, then it is possible t'o have B such that dp

is not small compared üo I p. Hence at moderate or large values

of B the line profile wil-l become blurred and broadened¡ rnore-

over, it is easily seen that the broadening is proportional to

B' Hence if 6p'is the ful-l width at half-height of a line

profile then cS pt Ís proportional to B. Moreover, from

equation (II-1) p is proportional to B. Hence it is seen that

the rat:.o,5'pt/p is constant with respect to B and depends

upon the geometry of the spectrometer. This ratio, expressed

as a percentage, is knor¡¡r as the resofutioJ# anu spectrometer

and is a measure of the ability of the i-nstrument to distinguish

fine detail in a spectrum. The resolution is a constant l^¡ith

respect to B for al-L fixed geometry spectrometers including

the helicaL spectrometers to be discussed in the following

section,



23,

A,nother conscquence of the variable momentum

interval accepted by the detector is a distortion in the shape

of ühe spectrum. This ffiây, however, be easily compensated by

a process caLled normalization which is discussed below.

Now AiV = G(p) dp where G(p) is the momentum

distribution function,or

G(P) = a'N
dp

1oêo ¡ G(p)o,j ,AU for constant dp"

But dp = e B d p and is a function of B.

.l:::cc G(p) =êI'tr-
eBdp

or G(p),"(¿:-¡¡ ---(rr-z)
E

Hence to obtain the true momentum distribution G(p) the

intensity of radiation in each interval must be divided by the

field B appropriate to that interval or by something which is
proportional to B. This process is called normalization.

Before proceeding to a discussion of helical spectro-

meters , it sÌ:or:.ì rl be mentioned that while flat spectrometers

are capable of very high resoltition of the order of 0,1% , thcy

in general suffer from poor transmissionr where the trans-

mission of a spectrometer is OefineJTJ ,nu percentage of

monokinetic electrons leaving a source that arrive at the
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g.rnoral ¡ et hleh reeolutlori ¡ bnanerrli.gsf on ls of

O¿5/, in this type of instrument¡

Sec ¡ fI: 3 _.Helical- Sp-ectromete-rs

A, major change in the basic desÍgn of p-ray spectro-
::;: : /1r. I

mcters came with the proposal by Kapitza\'+l j-n l92l+ to use a

magnetic lens for the analysis of p-rays. This suggestion
/'rÈ\

was implementod shortly thereafter by Tricker\'// who used a

long solenoidal l-ens which produeed a uni-form f ield¡ and Lator
lt l,\by Klemperer\'"' r,rrho used a shorb Lens which produced å rroh-

uniform fiel-d. These early helical spectrometefs could not ¡

aecording to Siegbahn(17), eompebe ln any respect with semi-

circular instruments ¡ the only type in use at that time r ârd

it was not for some time thab any serious attempts were made

to improve them.

The basie operating principles of the hel-ical

spectrometer are best developed by reference to the sol-enoidal

lens which lencls itself to a simple theoretical treatment¡

fn this instrunent, p-particles emltted by a SoUrce S on the

axis , SZ, of the solenoid, d, pess through an entrance slit
and are thon focussed on a counter window placed at another

point on the axis, F . This is ill-ustrated schematicafly in

frl

of
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fig. fI-{" which shows the trace of the el-ectron orbit ¡ i.€. ¡

the projection of the orbit on the meridional plane which is

the plane defined by the axls of the solenoid and the

Ínstantaneous position of the electron. The tr:;ce does not

completely describe the path in spirce of the electron since it

does not take into account rotation around the axis, but,

because of axial- symmetry, the trace contains thcsc elements

relevant to the electron optics problem.

A co-ordinate system with origin at S is chosen so

that the Z axis l-ies along the axis of the sol-enoid (parallel

to B) and so that the r axis is perpendlcular to this. Con-

sider an efectron of mass m and charge e emitted with velocity

v from the origin making an angle o with the Z axis. Let v7

and v¡ be the components of J along the Z end r axes respect'

lvely. Thus, if p is the momentum of the electron'

vr = v sin cr = fi "in o v7 = v cos ct = P cos s

iil-so, sj-nce only the radial p¿ìrt

+h..\ ñññh.rl-in fi rlrl - inio h¡r¡rì ffOmullg l¡r(lóllEv!v ¡rú¡ut vvv ¡¡i4vv

= e B pr where p is the radius of

of the motion (see fig. ff-4b).

It is desired to locate the

eLectron returns to the Z axis after

of the motion is affected by

equation II-1 that p sin ct

curvature of the radial part

point F at which the

one revol-ution.



ff o is the angular vclccity of

26.

iho olpntrnn^ thenv¡¡v v¿v v

2n=o¡tandt=

irt this time , the electron has moved a

the Z axi-s where

o=+=p"*lo =

and if t is the time required

û-,, * = 2tr p cos q,A- uzu - 
cB

^-*B = ttt .ll CoS cr
ôiI ,I

^

return to t,he axis, then

distanc " .{ = SF along

I -+ ¿|\---t IJ--ö /

, ++ ¡ \

---t It-vI
\ -- 

/ t

CB-ïï' ,

f^

2n, = ?nm
(.0 eB

Hence if B has the val-ue cletcrmined by (TI-9)

el-ectrons of momentum p leaving S at rn angle o are brought

to the axis at F and for different val-ues of B, electrons of

different p are brought to the axis at F along the same orbit.

Hence, by the introduction of ring sl-its which restrict
eLectrons to an orbit with some chosen entrance angle d,¡ a

solenoid may be used as a $-ray specbrometer"

ft can be seen from fig. II-¿uu that two neerby

traces cross over at a point R whose co-ordinates (ZZ, ,Z)

depend upon CI,, Hence, if a screen were placed at Z = ZZ,

the electron beam woul-d design upon it a ring of radius 12

knou¡r as the ring focus whose position, which may be
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computed\to/ l-ocabes the exit sl-it. The combination of entrance

and exit sl-its shown in fig. II-4a excludes orbits such as

that represent¿d by the dotted tracc and hcnce prevents the

admission to the counter window of particles with momentum

æørntI" 
^iff^ø^-# 

frna h
él vdlJ-ly LII¿r Itr tillu ¿r vllr yo

It will- also be noted from equation (ff-g) that for
n

f ixed p and B, .{ varie s as cos o and hence a f inite slit width

allowing more than one entry angle, ct, will result in the

focal point, F, being blurred. This is known as spherical

aberration and is ill-ustrated in fig. fI-4a.

The disadvantage of this type of instrumcnt is a

direct consùquence of the largc size of the disc of least

confusion, represented by Lhe l-inc DD î which arises out of the

spherical aberration of bhe instrument. Thc size of this disc

determines the erea of the cc.¡un|cr window which must be used

ín order that a large percentage of the transmitted electrons

be col-lected, and very largc windows require a supporting

grid whose presence can reduce thc effective aperture of the

v,iindow by as much as 30 to 5O/r(I7), Limiting the entry angle

ü by means of the enËrance slit will of course reduce the

spherical aberration, but the accompanying reduction in solid

angle reduces the transmission apprÊciably thus off-seùting
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any advantage gained by uslng a smal-l-cr counter. fn general,

the detector problem l-irnits the transmission of this type of

instrurnent to 5/å or less.

rr.ttempts to decrease the spherical aberration

inherent in the solcnoid spectrometer have resulted in the use

of non-uniform fields. Theoretical investigatlonu(t9) have

shown that, sphcrical- aberration is present only as a 3rd order

effcct in fields having certai-n singularities on the magnetic

axis. Such fields cannot bc produced by coil-s external to the

electron beam, but may be approximated by a regular field
which varies in such a way that the graph of its intensity
plobted as a function of distance along ùhe axis is concave

upwards. Spectrometers havlng this type of field-fcrm have

been buil-t by Siegbahn(20) , Lauritsen and Christy(er), and
/ a¡ \

iignew and Ándcrson\tt' , among others. Spectrorneters using

other strong-gradient field-forms such as thp prolate

spheroidal f ieLcl spectromcter of Richards on(23) h"rru also been

constructed. The Rlchardson instrument has attained resolution

of 2% at 6/o transmission but at I/o resolution the transmission

is only L Ì+/o,
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Sec. ff:i+ Intermediate-Image SpcctrometerF

In order to cxpl-ore the possibilitics of concave
| .tl. \field instrunents, Slätes and Siegbahn\"+/ in :.949 constructed

a spectrometer having a solenold divided into five separate

coils; lvith this arrangement, the field gradient along the

axis could be vari-ed within widc l-imits by simply adjusting

the currents through the individual coil-s.

The apparaNus 1s shown schematicaì-ly in fig, II-5"
A sheaf of electrons from the source S is selected by the

entrance slit ¡,8 l-ocated near the source. These then pass

through the exit sl-it EF which is situated in the median p1ane,

i.e" ¡ that plane perpendicular to the axis located half r/!ay

between the source S and the focal point F. As in previously

discussed hel-ical spectrometers a ring image is formed some-

where between source and focus.

ft \^ras found that f or a certain f ield gradient, a

pronounced increase in transmission occurred. Using the strong

F-line from ThB as a monokinetic elecùron source, it was found

by the method of photographic ray tracing that the ring image

was formed in bhe median plane and that the el-ectrons converged

to a point F on the axis with vcry littl-e spherical aberration.

Hence r with this field-form, it was possibLe to have large

transmission using a smaLl counter window.



FIG, II.5. INTERMEDIATE_IMAGE FOCUSSING



30.

ri vallle of 8/o transmission at 4% resol-uticn using a
source of diamcter I mm and a central baffl-e opening of I mm

was reported, but the transmission at L.7% resoJ_ution, the

best obbained, r/\res not gi-ven.

/in lmproved version of the intermecliatc-image

spectrometer of Siegbahn and Slätis is manufactured commercially

by LKB-Produkter of sweden. One of thcse spectrometers was

used in the present work anrì ie J-.ho errh'isçf,, of the following
chaptcr 

"
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THE LKB 3024 SPECTROIVIETER

Sec. III:1 lntroduction

The operating principle of the ß-spectrometer buil-t

by LKB-Produkter Fabriksaktlebolag of Sweden and shown in
plate I is the same as that of the original Siegbahn-Sl-ätis

intermediate-image insNrument discussed in chapter ff.
I\iumerous refinements have, however, been incorporated into the

commerical- model- which greatly extend its usefulness.

The principal components of the spectrometer

system are the fol-J-owing:-

1) Spectrometer proper,

2) Vacuum system,

3) Ii{agnet power system,

l+) Detection system,

These wil-l be described in detail in the sections to follow.

Sec" fIf :? ,TIE_Desfgn of the Spectrometer

The instrument is ill-ustrated schematically in
f ig" III-1. The magnet, having a sollrce-to-detector distance

of approximately 55O nn, consists of a number of disc-like
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coil-s of hol-Iow brass tubing arranged coaxiaì-ly within a

cylindrical jacket formed by 20 iron bars so that the approp-

riate focussing-fiefd gradient is produced in the chamber'

The individural coils are positioned rel-atively to each other

by fiber spacers and by brass struts serving also to hold them

rigidly in place with respect to the iron end-pfates into

which the pol-e-pieces are fitted. The chamber is rendered

oìrt'ioht trrr ¡ng¿ng Of An ? 1011-f ing SeaI between the rims ofd,¿I u ¿ór.re uJ )

the pole-pieces and the brass lining of the cylinder.

The entrance slit or baffle I mrde of 3 mm thick

aluminium sheet, conslsts of a circul-ar ritrg and a coaxial

circular plate l-ocated slightly furtlier from the source. The

innar o¡-a nf th,a r ino anrì .l-lra :Äna nf t,hc nlete Afe 'Ìrerrellefi
IrIrleI' eugg ul urllJ s Ltó!; v¿ ur¡ç yls ve q¡ v v v v v¿¿vs

to an angle of 35o. The minimum inner diameter of the ring

is 94 mm and the maximum diameter of the plate is 94 * 3 tan

35o = 96. l- mm, al-lowing the plate and ring to be fitted
¡mnnr-h'tr¡ J-^-cther. These are bot,h attaChed to a Shaft whichÞrrrvv urr-LJ u vóç

projects outside the pole-piece. the position of the plate

may be varied from o to 30 mrn with respect to the ring by

rofating the shaft which is equipped with a micrometer scele t

and the axial position of the baffle unit (ring and plate),

as measured by the ring-to-pole-piece distance, may be

varied between 62 and,90 mm by moving the shaft paralleL to
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the spectrometer axis. The axial position of the ring is

indicated by a millimeter scal-e inscribed on the shaft.

The exit slit or central- baffle consists of an outer,

circul-ar aluminum ring of inner diameter l-80 rnm. r ârtd an inner,

circular, brass plate r^¡hieh is coaxial and coplanar with the

ring. The design of the inner plate is similar to thet of the

iris diaphragm of a camera and all-ows the slit opening to be

varied from 0 to 10 Írrr. by means of a shaft equipped with a

dial which projects through the pole-piece. The outer ring,

whose outsÍde diameter is a few mm. l-ess than that of the

spectrometer chamber, rests upon two threaded pins which project

through the chamber wal-l-s. By adjusting these screws, the

centre of the baffLe may be aligned with the magnetic axis of

the spectrometer. The central- baffle is held ercct by means

of an alurninum and brass framework equipped with 3 adjusting

screws which al-low slight variation of the angle made by the

plane of the baffle wíth the spectrometer axis. fn order that

paraxial radiation be preventcd from reaching the detector,

a l-ead cylinder 10 inches in length is mounted in the centre

of this frameworrk.

Sources are inserted into the spectrometer through

hole drilfed along the axis of Èhe pole-piece by means of

sample holder consisting of a stainl-ess steel shaft
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abtached to one end of a staínless steel-reinforced aluminium

cylinder I the other end of which is machined to receive an

aLurniniurn source ring. This is brought into the chamber by

means of a vacuum lock attached to the outside of the pole-

piece. The shaft is equipped with a millimetre scale which

allows the source position to be varied *-5 rlm. along the

spectrometer axis about a point 37 mm. from the pole-piece'

the source hol-der is shov¡n Ín fig. ÏÏÏ-2a.

Sec, III:2 The Vacuum System

Since the rncan free path of electrons in the chamber

ought t,o be at least several meters¡ the chamber pressure must

be brought dov¡¡r to 0;1 micron Hg or less¡ This is accomplished

by a standard arrangement consisting of an oil diffusion pump

backed by a single-st,age rotary pumpr âod shown schematically

in fig. fII-3.

The presslrre in the system i-s measured by three

Pirani type gaì]ge tubes, situated as shown in the diagramt

connected to a slightly modified LKB 32948 t tÁìrfev¿çr t gauge.

This device possesses an automatic range-switching relay whicht

together with a hydraulic flow switch in the diffusion pump

cooling water line and a thermal switch mounted on the
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diffusion pump, forms an el-aborate safety circuit for the

protection of the diffusion pump oil which, when hot, oxidizes

rapidly if exposed to aÍr at pressure greater than 100 microns.

The safcty system operates by means of the spring-

l-oaded valves V] , V2, and V3 f itted with el-ectromagnetic

cl-utches (not shorn¡n) which, if de-energized allow the val-ves to

sl-am shut instantaneously. For instance, VI closes auto-

ilatically if the forevacuum pump motor stops, V2 cl-oses auto-

matically if the air pressure rises to such a degree that the
I fautovac I I gauge switches to its high range, or if the cooling

water flow is cut off, and V3 closes under any of thcse

conditions. V3 wiÌl l"ock open, however, 1f the difussion pump

is cold, in which case there is no danger that the oil will be

oxidized.

Sec, fII;l+ The .lTagnet Power Qystem

The manufac|r¡rerrs diagram of the magnet power system

is incl-uded for reference as fig. III-4. The power for the

field coil-s is suppried by a D.c. generator rated at 60 vol-ts,

600 amps: ånd driven by a t+4 kw., J-phase induction motor. The

star-delta starLer is equipped with a delayed thermal cut-out
whicir switches off the power if the current in the motor
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windings rises past a pre-selected point. This allows the

current output to be meintained at 700 amps for about 15

minutes provided that the magnet cooling water supply is

adequate,

The current regulator compares the voltage drop

across a precision .OOZ ohm manganin resistor, R67, which is

imrnersed in a water-cooled oil bath .ìnd connicted in.series with

the magnet coils, with a continuously variable reference voltage

supplied by a dry cell. AfËer amplification, the error or

difference voLtage appears as an unbalanced current from 2

output valves, V8 and V9, connect,ed in para11el through tvn

counteracting exciter field windings, CE and CF, on the genenator'

Hence a difference between the reference vo3-tage and the drop

across Ró7 wiU result in an unbalanced eïciter field current

which will tend to change the output of the gencrator in such

a way as to reduce the error voltage. Since the maximum

imbal-ance current from the tubes is Limited to a few milli-

amps, this system is suited only to stabilization of the

generator output. The level of the output is controlled by a

voltage-sensitive relay connected across the output tubes

u¡hin¡ rìz'o. l'-f the imbal-ance current exceeds 60 microampst

starting a mgt or -d':'i lrêtir Fo+ ¡-f ì nmêteÍ . P7,3 . wh j.Ch inCreaSeS
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the currenü through a third exciter field winding r CÐ. As soon

as the imbalance current drops below 30 microamps, the relay

cuts out leaving the electronic regulator to control the output

cuffent.

In practice, an output voltage is pre-set on an

accurate potentiometer connocted across the rnanganin resistor.

The generator output is then increased by increasing the

neguLator referencg volüage until the desired curent r âs

measured by the voltage drop aeross R67r is obtained¡ The

system keeps the magnet eurrent constant within O;I/t of any Pro-

set value within the nornal worl6ing range 10 - ó00 âflpsr

Sec. IIIå5 The Detector System

The LKB spectrometer makes use of a Geiger-Muller

tuþe detector; although provision cxists for the installation

of scÍntÍllation equipment. The Geiger tube I shown in fig.

IIT-2b and located on the front of the pole-piece opposite the

source, is a small brass block having a cylindrical bore and

plastic end-plates to which the central wire is attached. A

hole, over which the window assembly is fitted, is drilled

in the front of the block through to the bore. The window

material - formvar or t,hin polyethyLene film is stretched
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tightly over an I mm. diamcter circul-ar hole in a brass disc

and held by means of an î t0 I I -ring fitted into a circular

groove cut in the disc. This assembly is screwed tightl-y to

the brass bloek making a gas tight seal-. The brass bl-ock is

iteself connected by another lt0rr-ring seaf to a PiPet

inscrted through the pole-piece, by which the gas mi-xture,

60/o argon, l',Or/o propane at 8O Inlrtr Hg pressure , is admitted.

The pipe is eQuippcd with a val-ve connecting the Geiger tube

to the spectrometer chamber in order that the tubc may be

evacuated" The window is situated 25 iune in front of the pol-e-

picce at the focus of the spectrotneter"

The complete detection system is ifLustrated in the

block diagram fig. III-5. The Geiger Èube is energized by the

application of a positive high voltage of the order of 1000

vol-ts to its central wire. Pul-ses from the counLer are fed

into a cathode-follower pre-amplifier supplied with the spectro'

meter by its manufacturer r ârld from there fo a Technical

lÏeasuremenf Corp. model eL-2Â linear amplifier with variable

gain and pulse clipping time. Pulses from the output of the

amplifier are fed to a model- SG-34 scal-er equipped with a bias

voltage sel-ector variabl-e continuously from -100 to +l-00 volts

which accepts pulses greater than the bias setting, afso made
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by TeOhnifal ivleasurement Corp¿ All units are powered by

ordinary 110 volt 6O cyclÈ Ä,,C¿ direct from the mains with the

e)cception of the pre-amplifier which draws both its 260 volt

p1aüe r/oltage and 6t5 volt filament voltage from a singJ-e

regulated power supply manufactured by Lambda Electronics Corpr

All units are mounted in a smal-l steel rack l0cated

beside the 9-spectrometer control- unit with the exc,eption of

the pre-amplifier which is mounted on the outside of the pole-

piece on which the counter is situated'

The high voltage setting to be used is determined by

plotting the counting rate vÈrsus the high voltage w'ith a

constant numbcr of I parÈiclcs per second entering the counter.
.:.

The high voltage is set approximaÙely in the centre of the

trplateâü?? of the eurve¡ i.ê.1 that region of the graph'in

which the counting rate is constant with rcspÈct to hígh volt-

ag*, Because of variable gas mixturc arising from residual

air in the counter, the position of the platcau varies in time

ancl must be checked periodically during operabion.
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Chapter W

ADJUSTMENTS ÃND CIILIBRATION OF THE SPECTROI\4ETER

Sgc, fV:l - Baffle lil-ig4ments

ft was pointed out in chapter If that in hel-ica1

spectromcters, the orbit fol-l-owed by the el-ectron beam from

sourcc to dctector is independent of the focussing field and

the coruesponding electron enûrgy. In the LKB spectrometer,

el-ectrons of all energies form intermediate ring imagcs of

diffcrent radii only one of which is transmitted past the

central baffl-e ¿lt a gíven magnet curuent. The ring image of

thcThB F-line, shown in plate II, was obtained by pl-acing a

circular sheet of x-ray film supported by an al-uminium disc

in the position usually occupied by the ccntral baffl-e r,vhiLe

the niagnet currentuias adjusted to a val-ue such that the F-l-ine

would have been focussed at the detector had the centraL

baffl-e been in position and no obstructions presentn Because

the F-Line, one of the sfrongest known conversion lines r is

so intense with respect to the continuum and other Th B lincs o

its presence renders Th B an afmost monoÌçinetic source of

electrons and, as such, ideally suited for photographic ray

Lracing. ,îs the field is j-ncreased from zero, a ring image

forrned by clectrons of a pårticular energy shrinks radially
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sweeping over the annul-ar slit of the central baffle. fn

order that good resolution and transmission be attained ' it is

clear that the centre of the ring slit must be on the axis of

the magntie field which, beceuse of stight irregularities in

the position of the coil-s, does not necessariì-y coincide with

ühe geometric axis of the spectrometer. Qne of the more

extreme effects of central b¿rffl-e misalignment is il-lustrated

by the trlinetl profile of fig. fv-l.

,iilignmcnt , accomplishcd by means of the two adjusting

screws mentioned in the previous chapter, is rendcred difficult

by the presence of backlash in the screws and the consequent

uncertainty in Nhe baffLe position. The technique of adjust-

ment consists of taking F-J-ine profiles at various (non-

reproducible) central- baffl-e positions until a good l-ine profile

is achieved. In the opinion of the aLrthor, the design of the

Spectrometer renders Such adjustments unnecessarily time-

consuming since the spectrometer chamber must be opened, with a

consequent l-oss of vacuum, in order that the three adjusting

screws on the supporting frame may be sl-ackened off to allow

free movement of the baffle.

The effect of nominal central baffl-e aperture on

resol-ution and transmission is illustrated by the F-l-ine

,ø.¡íä'ffv'ä"'
/'tt*r-n",-tot' Ì
-1"9., 

'.1_Ti*
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profiles of f ig. W-2 taken with a 1/ 3 mm. diameter Thorium

source" In general, increasing the aperture for hÍgh transmission

results in a loss of resolution noü necessarily undesirable Íf

weak sources are being used. The optimum aperture opening is

decided on the basis of source strength and the finencss of

detail required in the spûctrun.

once the central baffle has been adjusted for good

line profiles I the entrance slit baffle aperture nust be ad-

justed for optimu¡n resolutton. Thts ls quickly and easily dono

by the method of taklng llne proflles at dlfferent aPerturo

openlngs, Tho results of these tests, shown in fig. r\I-3r

indÍcate that the optinium profile occurs when the circular ring

is located 70 mm. from the pole-piece and the circular plate is

located I rnm". from the ring.

Since the positions of the central baffle and entrance

baffle determine the geometry of the electron orbit r the source

must be moved to the region where this orbit intersects the

spectrometer axis, This point is determined again by the method

of taking line profiles at various source positions. The

resuLts, shown graphically in fig. fV-¿1, indicate that the

best profile is obtained for a nominaL source settÍng of -6

corresponding to an actual source position of between 35 and

&0 mm. in front of the pole-pÍece.
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&c. TV:2 Calibration of the Spectromete-r

Deviations from strict linearity of the rela|ion

between magnet current and focussing field in the LKB spectro-

rneter are stated by the manufacturer to be less than O.I/" over

the region from l-5 to 235 amps, i.e.1 from 30 to 470 millivolts

as measured across the resistor R67. Sincc the 9-particle

mornentum is directly proportional- to the fieLd B, es shown by

equation fI-], it is possible to find a calibration factor, k,

which converts mill-ivolt readings, v, to momentum vafuesr'I,

in units of moc where mo is the electronic rest mass and c is

the velocity of light.
Thus '2= k u,

BuÈ from equation fI-l r P = eBp

"2=# =ffi =kv

Bp
.'Indk=

L7O4.l+5 v

Bp values f or the Th Á, 8., F , I, Ia , rin,l iì f inesl have

been accurately measured by Siegbahn and Edvarson(25) , and for
( cc\

the Th L and )i lines by LindstroffI"'' , providing a convenient

meansi of determining k. In the present work, the peaks of the

Th B, F, f, L, and X lines were Laken as cal-ibration points.
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The val-ues of k obtained are listed in table 1.

Tab1e 1: Cal ibrat ion

l- ine

3L.65

67.27

85.04

l-26.35

1388. 4¿|

1 nr ^ ^lL () J.YL

2607.L7

9986,7

Rn,"YK=-
L7O4.45 v

.0L2075

.01 2099

. 0l 2091

,ol2o97

,0L2L2t+

Bp

Th B

F

T

L

Y

52.3

i r d^ ^| 4C)), )
I

Ë = .ol_2o97 :.ooooll

If the spectrum of the isotope being examined

possesses conversion lines due to y-reys whose energies have

been accurately determined by crystal diffraction rnethods,

these may be used for cal-ibration purposes in addition to
or in place of Thorium lines.

In ordcr that k be constant frorn one series of

measurements to .lnoÈher, it is necessary, because of hystercsis,
that the initÍal state of magnetization of' the spectrometer be

the same each timc and that the rnagnet current always be

changed in the same direction. Complete demagnet ization of

the spectrometer before each neur series of measurements,

accomplished by taking the magnet around successivel¡r smaller

hysteresis loops ensures that ea.ch initial state, in which

there is no rÈsidual- field, is the s¿mêo
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Chapter \i

PREPÀRiITTON aND MOUNTING OF SOURCES

Sec,¡ Y:1 General ConsiÊergr_tions

fdeallyr sources for rrse ín F-ray spèctroscopy should

be of zero thickness and should have no backing, for if a source

is of finii,c thickncss, the energy of some of the p-particLes

will be reduced duc to absorption in the source r"turi"l(26)
wherûas the backing material introduccs backscattering of P-

I nn\particle s\ '' t t . Both of these effects yield a surplus of low-

energy electrons which wÍlI distort the shape of the g-ray

spectrum and perhaps give false indicâtion of low energy p-feeds.

rtrrother possible consequcnce of thcse cffects is a change in
curvature of the Fermi pì.où suggesting that a forbídden spectrum

j.s actually allowed or vice-vcrsâo

Since thc source emits 0--particles, it becomes

positively charged and unl-ess provision is made for grounding,

a strong electric field may be set up in the neighborhood 0f
the source which may shift the spectrum by many kilovolts(28)
toward l-ower energies. This effect is however evenly diç¡;

tributed ovcr the spectrum and wil-l not produce distortion
but merely displac:ement of the spectrumn'
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Sec. V:2 Cai.ibIgEton Soglges gf !þgrium Act'ive Deposit

For purposes of calibrating a F-ray spectrometer' it

is convenient to have available a series of intense r well

separated conversion lines distributed over a large energy

interval. Such lines are found in the F-spectrum of th ective

deposit or Th (B*C+CI t ¡ v¡hich is produced by the decay of

thorono The Bp values of these lines have been determined by

Siegbahn and Edvarson, and Lindstro^(29) to within 1 part in 10ll

,rnd hence these nray be used for calibration.

The thorium active deposit is obtained from a ttpotrt

contaíning radiothorium which decays with a 1:9 yeer half-life
ò4.

by way of ThX to gaseous thoron (22gRnoe) which diffuses

throughout the pot. The thoron in turn decays by o-emission

with a 54 second half-life to ThÀ v'¡hich is a solid at room

ternperatures. The a-emission processess clisturb the extra-

nuclear structure of the resulting thorium A atoms by ionization

so that many are left positively chargcd while a few are left

negatively charged and hence they may be collected by recoj.l

from the ga*s on a platinum button which is maintained at a

high negative potential. The thorium A tlten decays by

q,-emission with a.16 second half -life to thorium B which

re,llains on the buttonr ând¡ along with its short lived
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daughter products, ThC, ThC t and ThCi ? I comprises thorium

active deposit which decays vlith an equilibrium half -l-ife of

10.6 hours, that of thorium B.

The source thus obtained is a nearl-y monatomic layer

and hence effects due to source absorption are negJ-igible.

¿lthough cl-ectrc¡ns of the intense conversion lines are strongly

backscattcred by the platinum backing, this does not effect

thoir shenes nr nositìons end hence lines from such sources arevI¡g!r È¡¡qyv9 vr

suitable for calibration. The backscattering of el-ectrons does

however rendcr such sources unsuitabl-e for observations of the

B -cont inua.

Ðec. Vi3 V.L.N.S.. Thin Source Backings

For measuremenrs of B-continua, backscattering must

be rendered ncgligibl-e and hence thin films of low atomic number ,,

must be used. 
' ..

fn thc past, use has bcen made of nylon, formvar t

cel-l-ulosc acetlte end nitrate , collodion, zapon, and terylene

as wel-l aS mice sheetsr sl-uminium foils, and aluminium oxicle

r' i1-- T¡ -^nÈral-, the organic materials mentioned yiel-dJ- I-LIIIÞ. -LIl È;l5ll\jr 'jJ t uIIv v¡ :

f ilms with thicknesses of ^,20-4O ¡lg7cmz but which suffer

from either a l-ack of rcsistance to the chemical reagents
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used in the commercial- preparation of active materials or a

lack of mcchanical strength(g0'17). Mj-ca sheets possess good

mechanical and chemical propcrties but ere too thick

(-., 500 pgl cn¿ ) to be usef ul for lnlrthing but convcrsion line

studies. /rluminium foil- on the other hand is avaifable in

thicknesses of .u2OO plgTcm2 but lacks both mechanlcal strength

and chemical resistance. Oxide films show excel-l-ent chemical

properties but are extremely fragile.

/r fì.o.r¡i material has recentLy bcen introduce¿(38) vi".

V.Y.N.S. resin (a polyvinylchloride acetaNe copolymer manu-

factured by the Bakel-ite Co. ) which possesses remarkable strength

both mechanically and chemically. It is solubl: in
cyclohexanone.

The common techniques of producing thin films such as

pipetting a drop of a sol-ution of thc material- onto a water
/ nr \ / aa \

su¡f¿çs\ J-Ll or casting films on a glass slide( JJl fail for this

material . i, somewhat el-aborate te chnique described by Pate ¿rnd

/ ^.1 \

Yaffe\Jc'l consists in placing a smal-l- quantity of a cyclohexanone

solution of V.Y,N.S. in the space between the side of a waber

fil-led tray and a half-submerged cylindrical rod. The rod is

then drawn at a constant speed paralJ-el to and slightì-y above

the water surface leaving a thin film floating behind j-t. It
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is frequently found that such films are wrinkl-ed, and any flat
smooth areas are }iablc to show striations by reflected light,
indicat ing non -uniformity.

The foll-owing techniquc(39) ivhich has been devised

in the course of this work produces strips of thin film which

are invariably smooth and whose thickness slowly varies in a

linear fashion with distance along the strip. Such films are

nearly constant in thickness across their widths and show few,

if any, striations.

¿. l-ittle V.Y.N,S. solution is spread evcnly with a

dropper along the edge of a thin plate such as that of a plc ce

of window glass. The coated edge is then touched to the surface

of ir,ater contained in a large developing tray so that al-l

parts of the edge make slmultaneous contact. This is most

easily accomplished by viewing the tray from above so that the

edgc of the plate can be aligned with its image in the water

surface by a slight rocking moti-on of the plate against the

side of the tray. Á. sheet of film whose width is nearly the

same as that of the edge of the plate is then drawn by surface

tension across the water surface.

ff a sol-ution of one part of V.Y.N.S. resin to
five parts of cyclohexanone by voLume is used, films whose



thickness is of the order of 10 p,g/cm2 are obtained. ils is

be expected, it is found that more dil-ute solutions yield

thinner films. It is al-so found that better films are produced

on col-d (lOoC) water than on warm (45oC) water. The water must

be changed frequently, for j-ncreasing concentrations of the

solvent in water tend to interfere with the spreading process

and wrinkl-ing may result.

fn order to remove the fil-ms a wire ring is slipped

underneath the strip and raised until- complete contact has been

made, The excess f1lm is then detached by running a paintbrush

moistencd with cyclohexanone around the perimeter of the ring.

Care must be taken that the ring projects slightly above the

water surface; otherwise, the detachcd portion of film may

float frce and may wrinkl-e if an attempt is made to rctrieve
it. In order that surface tension forces do not tear the film,
it must be lifted from the water surface with a rol-ling rnotion

so that one edge is separated firsË; the angle between the

film and water surface is then slowly increased until the

fil-m is perpendlcul-ar to the surface, Then the fílm may be

lifted intact from thc water" This method usualJ-y prevents

water droplets from adhering tÒ the fil-m where they would

leave a residue upon evaporatJ,on.

50,
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The wire frame supporting the film is bhen bnought

down on an annular eluminium source ring so that the film

makes contact wiÈh the fLat, circular Surface and a paintbrush

moistened with cyclohexanone is used to detach the film from

the wire frame' The fiLm adheres to the alumÍnium ring and

any l{rinkles arislng during the Process of transfer from the

wire frane may usually be renoved, by gently stretching the filn

from the edges with the fingertips' It is found that an

indication of the thickness of bhe fitm can be gotten from its

colour(38 ), bluish grey films corresponding bo a thickness of

1 to j pgl em?. In the present work films of this order of

thickness were used exclusivelY.

As mentioned in the first section of this chapter ¡

sou.rces must be grounded in sorne fashion in order to prevent

them from becoming charged. This was 'lcc':nrplishect by the

vacuum deposition of a very thin layer of gold onto the V'.Y'N'So

films. such films exhibÍt a reddish coloration by reflected

tight and a bl-ue coloration by transmitted light' Pate and
, ^ al\

yaffe( löl made spectrophotometric measuremcnts on gold layers

of various known thicknesses on V¿Y.N;S. films and found that

the first reddish colouration appears at a thickness of
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.-vO,l+ ¡-Lg/cmz and deepens until a rich reddish-purple is attained

at .,,5ltgl cm}. ¡t thicknesscs in cx¿ess of lO pgl cn?, the gold

fil-ms were seen to exhibit e metall-ic appeârance and the

V.Y.N.S. fil-ms tended to sag and wrinkle.

The present writer observcd that in a group of five

coated films all of which exhlbited approximately the same

shade of blue by transmittcd light r some showed only a trace of

reddish col-or by reflected light whereas others had a more pro-

nounced coloration. It is hence concluded that observations

made by reflected light are more serlsitive to the thickness of

the metal-l-ic ì-ayer than those made by transmitted light. /l

sixth fil-m showed a deeper shade of blue and afso a very deep

red coloration by refl-ected light but exhibited no metallic

appearance in spite of the fact that sagging and wrinkling

occurred. The colouration of this gold fil-m suggests that its

thickness is < 1O l-tgl cnZ and the wrinkling is thought to bo

due to the thinness of V.Y.N.S. fil-ms used. Since the fil-ms

used for actual sources exhibited fairly deep reddish col-oratiQnt

it is estimated that their thicknesses are of the order of

5 ;tgl cm?, It is thus seen that the maximum total- thickness

of the source backings used is of the order of 10 ltgl cmz.
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rt is not practical- to use gold f:rycrs thicker than

5 Vgt effr?, for at that thickness, the resistivity of gold is

nearly as l-ow as that of the bulk material, and any further

increase in thickness would result onJ-y in an undesirably thick

backing. The resistivity riscs sharply for thinner layers t

however, and if these are uscd, it is libely that source

charging wil-l occr-lr¿

The vacuum deposition of gold was accomplished with

the aid of an Edwards ?lspeedivac 1t model IzElL,l 620 coating

'r-'i'r- Thio ^lparatus util-izcs a trough-shaped piece of moly-(JIIJ-trc ¿Il, IÈ ClìJlJd,¿ c1 usÐ uv!¿J

bdenum ril¡bon clamped between 2 electrodes to hold the material

to be evaporated onto the work which is supported 6'inches above

the Mo trough by a ring stand. The whole assembly is enclosed

in a :-'?t I diameter glass bell jar which may be evacuated by

means of an oil diffusion pump backed by a singì-e stage rotary

pumpÇ The heater current between the el-ectrodes rnay be Corl-

trolLed by a variac-type variabl-e transforlil€rc

The gold to be evaporated was in the form of a 1/8t t

length of "040 inch diamefer wire, The source discs were

screwed to a square aluminium plate which was placed on the

ring stand. Current was passed through the trough until the

gold mel-ted and distill-ation was maintained until- the proper
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col-oration was observed on the fllms,

Sçç.'_V:_5 Deposition of ¿ictiv,e Material on the Fil-ms

Liquid source matcrj-al-s were deposited by mcans

a glass syringe fittcd with a hypodermic needl-e the point

which had been ground off so that drops formed on its tip
rather than its side.

fnitially sourccs were prepared by forming a droplet
on the tip of the necdl-e, visually ccntering it over the source

r-ing, and then touching it to the fiLm. The droplet would

adherc to the fil-m and coul-d then bc evaporated to dryness.

Needless to såy, sources prepared by the above

dropping tcchnique are Ìj-able to be slightly off-cenLre and

hence a method of centering the hypodermic uias needed. A

device which performs the doubl-e duty of centering the active
droplet with respecù to the source disc and shieÌding the workerts

eyes from the B-radiation emitted by the source was constructed"

Essentially ' it consists of an aluminium tube bored out to just
rcceive the grass syringe, a threaded end-cap to facil-itate
raising and lowering the syringe, and a perspex tube bored out

to the diameter of a source ring which al-l-ows the worker to
see the drop as it touches the V.Y.NoS. fiLm.

of

of
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Sources of different strcngths cen be obtained by

sLrccùssive superposition and evaporation of droplcts onto thc

same source disc but the usefulness of thls method 1s cir-
cu.mscribed by considerations of source thickness, etc., outl-ined

i-n the first secti-on of this chapter.



)v a

Chapter VI

qqRRECTION_FOR Lr'lINDolV ÀBSORPTTON

Sec..¡ VI:I ..ÏntroÊuction

The absorption of I particl-es in the regi-on bel-ow

150 kev by the Geigcr counter window wil-I result in Fermi plots

of allowed spectra showing marked deviation from linearity. Ït

is therefore essential- in l-ow energy work to compensate for

thi s bv means of e correction to be app]Íed to observed counting

rates. Such a corrcction can be obtained by comparing the

theoretical shape of a spectrum known to have an al-lowed shape

with ifs observed shape.

It is reported by Pohm et al.(40) it, an experiment

to detect slight non-linearity of the Fermi plots of several

elLowed spectra, that the spectrum of p32 yields a Fermi plot

which is very nearly linear and hence suitable for use in finding

a correction factor. The smal-l- quantity of P33 contained in

availabl-e supplies of P32 raises no questj-on as to the feasi-

bility of its use since the spectrum of P33 is also ¡ttotr(41)

to be al-l-owed and to have a l-ineer Fermi plot.
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Sec, VI:2 The B-Spegtrum of Pj- - Pí'

sources uiere prepared on v.Y.N.s, backings uslng

itcarrier-freer processed, P32-P33 in thu form of phosphate

ion in approximatcly 1 cc. of 0.05 N HCI soôution obtained

from ¡,tomic Energy of Canada Ltd. ' Chalk River'

fi preliririnary run made on the 9-spectrum revealed thc

prcsence of apparently three pârtiel spectra instead of the two

expected; in vicw of this, a second run was made with improvcd

counting statistics. The Fermi snalysis of this ru.n, shown in

table II(a), again revea.led three P¿rrtials when plotted

(fig. VI-le). Àn ord.inary least squnres determination of the

onrì-noint. € ^.., and sl-opel IrLl. I of the f irst or high energyv¡ru yvLLLv t -- (J-L , --l ,

partiel yielded the values €ol = l+,3L22 nocz = 1692 kev and

ml = 3.1)L875 which were used in the construction of table II(b)

representing the spectrum of the second and third pertials

only, shown in fig. VI-lb, by the method of subtraction outlined

in chapter If. a further l-east squares analysis of the data of

table II(b) showed the end-point and slopc of the second partial

to be € n" = 2,2727 ^o"2 
= 650 kev snd nZ = -3,723856. These

v¿

were in turn used to construct tabl-e rr( c ) and fig' vr-]c

reprcsenting the third parti;.rl spectrum al-one which has en

end-point €- ct.z = l-4896 moez = 25O kcv, by the method of

lerst .o*"tuu]



Table II (a)

rE3J4{ ¿NAI,YS.IS .oF ,?qg P3?-p?3 spuctnu-¡¡

BackEround = $ = 10.1 counts/min.

c/ min
4I_
decay
factor

1,01

1.04

1.05

$=

*;g"1oo r

O,33
2l+,OO
66.50

120.00
160.00
18¿+'00
199. ¿18

216,92
218.88
218,95
2?1,92
222,8I
235,15
2l+9.82
261+,06
272.88
289.2r
2gg.g3
3L3,95
3L9.28
328. 25
339,LT
3l+9,20
3l+l+,90
355 " 

l+6

360.73
359 ,89
360,45
361+.0o
357.22
356,OO
335,56

e' UF N/F

30
35
4.0
45
50
55
60
65
70
75
80
85
90
95

I00
105
110
115
120
r25
130
r35
1¿10
lt+5
150
155
160
l-70
180
190
200
2l-0

10,2
rs.5
37,5
6h.L
90.1

111. 3
L28,6
l-l+9.7
16r.8
168.0
.80.8
r92,2
2L3,6
238.3
264.0
285.6
316.0
338.6
368,9
390 ¡2
4L6',5
b46;r
475,7
b86.,4
5!7,,9
5t+2" 6
558" 5
593.7
63tu,L
656, 5
68r. I
67t1,9

I.0638
1.0959
1.1110
l. t386
1.1ó86
1.2011
r,2356
l, 27 22
1.3104
r.3503
r,3915
I,l+34h,
r,4783
r.5234
r.5695
r,6166
t.66U6
\,7l-33
L.7628
1.8129
I"8637
r.9r4g
r,9668
2, oL9 2
2.o7rg
?.L252
2,L787
2,2868
2.3962
2.5066
2.6L80
2,7 303

3,Ol+9
2, t+63
2,o33
1.698
1. 4l}1
L,236
r.071
0,936

,825
,732
,6 jt+
.587
,530
,480
,437
.400
,367
,33t
.313
,290
,269
.252
,237
.218
.206
,l-93
.182
.l.62
,l'b5
.131
.118

1.01
59. 11

L39,26
203.76
230,56
227, 42
213,6t+
?o3,ot+
180.58
L60.27
1l+-5.1/+
r3o,79
I2l+,63
119. 91
rl-5, 39
Log. 15
106.14
10L, 38
9t,27
92.59
88,30
95,46
82.76
75,L9
7j, zz
69 ,62
65,50
58.39
5?,78
i+6.80
42,Or
36,2t+

1.005
7 "69Ll.80

Ib,27
15.18
15.08
ll+,62
1h,,25
L3.4b
12,66
12,05
11. l+lr
11. 16
ro,g5
10.7¿+.
10.45
10.30
10.07
9.91-3
9 ,622
9,397
9,21+l+.
9,O97
9,67r
8, i57
8.344
8.093
7,6t1
7.265
6'841
6, L82
6,ozo

r¿Áu I.108 |

this table is continued



Teble II (a) c<¡ntinued

220
230
244
250
260
270
280
?go
300
310
320
330
3l+O

667,5
630,3
599,7
559,O
509. l
bl+7,5
385,6
310,9
238,3
169, t+

101n.8
53,8
23,O

1.0ó

1.07

2,81ú3
2,9567
3,0709
3.r855
3.3OOT
3. ¿t161
3,53L9
3,6482
3,761+6
3.681[
3,998t+
l+,1]-56
4,233L

.098

.090

.083

.077

.071

.066
0.61
4.57
,05t+
.050
,Olt'|
,Ol+5
,O¿+2

5,57r
5,O7L
4,61+9
l+,233
3.800
3,366
2,94t+
2,50U
2,098
1.658
r,221
o,79t7
0, 4123

2gg,g2
269.65
245,67
232,73
2O3,41+
L7t,72
Il+2'16
LOg,gb
8r.39
5l+,99
3L,66
14. 17

l+,O55

31.04
25,72
21.61
L7 "92
Jl+,1+l+
LT,33
.9.67
6,?7
l+. t*0
2,75
1.49
o'638
0. 170



Tab1e II (b)

l¡

L,2722
1. 3l-0[
L 3503
L,3gl5
I.l+3b\,
t; b783
t.5234
L,.5695
1,ó166
L.66tr6
1,,7133
L;,7628
1,.81,29
r.8637
r-9tb9
1.9668
1.1386

.î _Ct-¿ t-

3.0400
3.0018
26 j6L9
2,9207
2,8778
2¿8999
2;7888
2,?l+27
2,6956
2,6t+76
2.5939
2,51+91+
2. b993
2,hl+85
2,3973
2.3/-+54
3,L736

(€ o -[)

,,i + Nr/ ¡' N/F

N231 F

=N-Nl-F'-
t:-,i?

8,377
7,Ll+b
5,81+z
4.71+l
3'.1+23
2.9b3
2.81+3
2.689
2,L63
2.3L5
2,a64
2,L95
L,667
L.l+53
r,?gt+
l,916
7.677

203,oh,
r80;58
l"60, 27
Lt+5,I1+
L30.79
I2l+,63
119.91
tL5. 39
109,15
10ó.14
101.38

98"27
92.59
88.30
95.46
8z¿76

203.76

70;I7
5l-;O3
34,r3
22'!r3
LL.72

9""66
8.08
7,23
[;68
5' 36
l+,26
l+.82
2,78
2. 11
2,t3
3,67

58.91+

LL.527
11 .382
11.231
LL.075
10.912
ra.769
Lo,575
10" 400
10,12]
10.039

g 
"8559,667

9,b77
9,281+
9.090
g. gg3

L2,O34

l-3?,87
r29.55
L26,rt+
Izz,66
LLg , 07
TT5,97
111.83
10s,16
LOI,, b7
100.78
97.L2
93..h5
89.81
96.19
82.6i
79,og

Il+l+,82



Table II (c)

EERMI ¡iN{LYSTS oF ll{-P¿RTI¿t IN P32 -- P33

€ ê -ç
-d 

!_,

m(€o-Í)=
r=-

^l 
r\2

',{ ï-
NZ

F

nT^ ^a)
F

þ-
N2a-N2-T- F.

\} I¿
ïF

I.2722
1.3101+
r,3503
L.3915
!, 431+h

1 0005
a,9623
o.9221+
o" 88tz
0.8383

3,7257
3,5835
3, b3l+9
3.2815
3,12L7

13,88
].2.8¿l
TI.80
1o,77
9.75

70,17
5f.03
34,r3
22" l+È
ry,72

56..29
38. 19
22,,33
11"71
r,97

7,503
6.180
l+,725
3,1+??
1.404.
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Thc 1692 and 250 kov end-points arg both in .¡xcellent

agreement with the 1?07 and 2t+6 publishe¿(tuZ) 
"u"""g. end,-

points for P32 and P33 r'espectively, whereas the 650 kev end-

point of the second partial spectrum does not correspond to

that of any trace activity whieh might be present.

The possibiliüy that the second partial mighü be the

result of an electron excess ln the low energy reglon due to

scattered p-particles of higher energy was checked by a third
run 2l¡ days later using the same souree in order to determine

iÈs half-life.

ïn order to determine the half-life, it is necessary

to know the counting rates (NZl)f and (N23)Z corresponding to

a certain e -value at two times, t1 and tA respectively. Now

the law of radioactive decay states that

and

where No is

is the decay

-.\ti
(t 

-

No ii.

mo{- 
Àtz

(Ne¡)r

(Ne¡)z

the counting rate at some initial time and where.\

constant of the activity in question.

¡| rt \o ( N2? /'l-*'
¡ a /r1 |\Nrc/efuJQ

=l Xtz-bl) - /k/À,{t



- -J \
CllILl Ð V z/'\t

The half-life Ttt,

11 tt

Furthermore, since
/ÀT

, ¡l tn23,
(''i -;-/ Is

'2

o.693aT
(Nrt)r

I n---:=.:
--'1 "' \\N23)2

known* from tabLe

similar table (not

II(b) and

shown) for

59"
_ I .ì* (N:l)l=_å In

¡\ rF ,rr \¿rt. \L\t23)2

is then related simply to À by the formula

fN-t ¿\14

^.i -a ^ t A: 
-Q.¡''JJ-r¡uE \ I * |! F'')

the third run,

is known from a

1S2 = 0.693 
=

)iÀ

,nl N23 
''\ t] -Tr-1tI\ral't

4)

(N23)2

The calculation in tabl-e fIï

* Nzc
Note: for t,he nrcsonf, nrrrpos€sr the val_ues of ( Ë1..,

l-isted in tabl-e II(b) are not satisfactory since tfruy url
corrected for the decay of thc P32 source durlng the run.

Hence the val-ues shown in tabl-e fïI are uncorrected.

r
I

-l I

I

i

I
t-

nfTv¿ *]_ sh

T_î
ñ
T

!

t\i|tt

l2

T^l¿
I
I

I

I
l
I

J
own
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Table ïIï

^I
-T

,r22
FI'

I
I
t1 ("Y),

r,9 2r

1.561

r,659

L.7l+5

I. 25]-

f . 14.9

r.3l+2

o,771

1" 198

ru23/J
(Nz¡)z

1,480

r,723

1. 394

L" 327

1,650

1. 910

l, 242

1.678

1.600

L,5b6 av

(Nrq)r
Hence Lt¿'!. = Z.he,

(N23) 
2

1n f g¿rÅJ = o. s76,

\(N23)2J

At = 24 days

0.-693.x .àln È
.876

and Tr, Zæ 19 days

L,523t+

r,5695

I,6L66

L.66t+6

1,7133

r.7628

1. 81 29

1. 9149

r.9668

2.81+3

2,689

2,L63

2.3r5

2.061+

2,195

J.OO/

I.291+

1, 916



ó1.

this value is fairly close to the 14--d ay P32 half-

life and it is therefore probable that the second partial is

in fact due to electron scattering Ín the spectroneÙer. Ïts

relatively low intcnsity is further supporb for this view.

*ssuming that deviations from linearíty in the Fermi plot of

the partial scattering specürun are small¡ the spectrum of

the second run l{as used to obtain a windorü absorptlon

coruectionn

Sec. VI: a the Window Correction

The equatÍon of a Ferni plot of a s.ingle allowed

' 
iñ-

spectrun is'\i* = m(6 ^-É:)' Hence, knowing m andë-q it is' lF "._
possibLe to àalculate ,{$ anA hence N/F. By adding the values

of N/F found for the ttrree spectra and multiplying by F at

each point, the theoretica] spectrum is obtained. By dividing

the theoretical val-ue of N by the observed value for each

point, a correction factor is obtained. This is done. in

table W the results of wLrich are plotted in fig. Vf-z'

Thus to correct for window absorption the observed counting

rates in the Low energy regions are mutliplied by this factoro
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62,ChaPter VÏI
PREEoUS INVESTIGATToNS-oF rRrD.ruM-}9 2

Sec. V-IJ: I _Ihe_JB_:lQqgE :lnuet

.gj'gz ís produced by neutron capture in natural r"191"

The principal mode of decay is by B-emission with a 7l+.5 day

half-Iife to ptL92, buË there is a 4/o decay by K-crpture to

0s192,

The flrst investigation of the I]92 B-spectrum with

a rnagnetic spectrometer by tevy(43) gave the high-energy end-

poÍnt as 67O kevn This was supported by Shpinel and

Forafontorr(rr[), who obtained a value of ó60 kev¡ and by Johns

and Nabl o(b5) who obtained a value of 672 kev. Using the

Levy end-point and detailed y-tay inforination from conversion

line studies, Cork(,1þ6) proposed a disintegration scheme pre-

dicting an additional low-energyr B-feed with a 390 kev end-

point. This scheme was for the most part substantiated by the

y-tay work of Baggerly et ¿1. ([7) and Pringle et 
"1. 

(t+8)

insofar as the p1o]-9Z energy levels were concerned. Unpublished

data of KyJ-es and Campbell quoted by Fairrare"¿¡u"(30) indicated

the existence of 5 partial spectra wibh end-points of 1'175,

th.9 , 7OL, 568, and 281 kev, but subsequent work by Bashilov

et al. (49) revealed no trace of the II75 kev transition
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although four partials with end-points of 8tu0r 670, 54O, and 2l+O

kev were found. Boththese sets of resul-ts are in fair agree-

rnent with the y-îay data upon which Corkts scheme is basedr but

ühere is a 30 to 40 kev discrepancy in the end-points.

l4ore recent (195S) work by Fairwe"tr,"t(30) showed

that the two high-energy partlal spectra reported by Ky1es and

Campbell were spirrious and probably due to scattering in their

instrumenË, Tn accordance with this finding I âI1 empirical

coruection was applied to their data which then yielded neither

an LL75 nor an 849 tev partial but which gave the remaining

three partials end-points of 697, 561, and 28L kev, still in

agreement with Corkts scheme. Faj-rweather, finding only three

partial spectra with end-points of 690, 55l", and 267 kev,

proposed a new l-evel scheme for Ptf92 whích sought to account

for y-rays w1th energies of tt,5r 97, and 105 kev found by Uuq(50)

by the introduction of a 1253 kev level and which incl-uded the

LL56 and 1¡¡8 kev l-evels proposed by Pringle. This scheme is

illustrated in fig. VII-I. The existence of the L253 kev level

required the presence in the y-spectrum of two 468 kev y-rays

in cascade, but the work of Kelman et aI.(5L) at O,O4%

resolution found no evidence of this ray being a doubl-et'

This was supported by the y-y-eoincidence experiments of

Connor et al. ( 52) i hence the exj-stence of the 1253 kev level
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is doubtful-. the 97 and 105 kev y-rays of Huq stÍll rernain

unaccounÈed for as wel-l a 167 kev y-ray aLso found by Huq

which courd not be fitted into Fairweatherts scheme. Fair-
weather points out that the percentage intensÍty contribution
of the 3rd partial (ZO7r¡ is greater by a factor of approximately

two than can be accounted for by the intensity of 2 transiüions
from the 1201 kev LeveL. This remains one of the outstanding

difficulties in making a consístent decay scheme for Iridiurn-
!92,

The p-end points and corresponding percentage

intensity contributions are listed in table v which, for
convenience r also shows bhe results of the present work dis-
cussed in the next chapter.

Table V

g-.ENÐ POT$IT ENERGJES AND ø INTENSITTgS

istrpinel t ,lotrns I

Levy lForafontori NabloI Cork

670( 4t+%)
540 ( 40%l
zt+o(t6%)

Partial
Bashilo
et a1.

Kyles
Campbell

697(38/,)
56I(t+l/,)
28I( 2I/')

i ,"r"r""rr,.r I

Present
Iriork

620 672 6
u3
p

p".

V

l
ed+ revis

70
90

sed

690( t+2" j,/,)
55t( s7,5/,)
267 ( 2j%',1

,âfrltãlÅl
269 Ã5/,')

alues



65,

Sec.VfI:2 The Conversion lines

The KIL ratios obtained by FaÍrweather and the

workers quoted by him toge-ther with the results of the present

work are lisËed in table VI. fncluded are the theoretical

K/L ratios of Rose(fi| for EI , ¡fl-, and M2 transitions, and

those of Sliv ¿p¿ 3"rr¿(5&) for E2 transitions' The latter
values have been obtained by the author by logartthmic inter-
polation from the published values and are considered to be more

accurate than those of Rose si.nce finite nuclear size is taken

into account.

Values of o¡ç have been calculated by the author from

the absolute intensities of conversion }ines and y-rays tabu-

lated by Fairweather from Èhe results of several workers. These

results and those of the present investigation are shown in
table VII The theoretical coefficients of

Sliv and Band and of Rose for E2 radiation are incLuded a]so.
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Table VII
K.CONVERSION COEFFTCIENTS

Experimental o¡1 Theoret cal o¡1

energy of
y-ray

Kyles
Campbell

Bashilov
et al"

Baggerly
et alo

Fairweather Present
ltiork

Sliv
Band Rose

296
308
3L6
¿t68

.059
'0¿t9,039
.018

.053
"049.o39
,013

,01+9
.050
,o39
.015

.051
" 

0¿r.8
.038
.015

.071

.0¿r.8
,Ol+2
.013

,063 .064
.058 .058
,O5l+ '054,022 .021



6.
Chapter VIII

THE p-SPECTRUM 0F IRIDTUM-192

,le.c. VIII: l- Introductiorr

As mentloned in the fast chapter, the high (ZO'¡7

intensity of the third partial Ê-spectrum of Ir192 is one of

the rnajor stumbl-ing-blocks in the way of finding a seLf-con-

sistent decay scheme. It is thought that the Ìarge values

obtained by previous investigators might be due to (a) energy

degradation of efectrons by absorption in thick sources, and

(b) an excess of low-energy electrons scattered by the source

h^ nì-.i -^ 1-vclvÀ.1¿ró. .!r¿ addition, bhere is disagreement between the

Edinburgh group (tçyfes, Campbell, Fairwealher) and the others

regarding the end-points of the partial spectra r especially the

f i-rst.

The main purposes of the present investigation are to

re-determine the percentage intensity of the third partial

spectrum using thin V.Y"N.S. source backings in order to

eliminate effect (b) abover êrd to re-determine the end-points.

The previous work has indicated (see chapter VII)

that experimenùal K-conversion coefficients are much lower than

theory predicts, at least for E2 (eLectric quadrupole)
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rad.iation. UnpubJ-ished data(55) oî those engaged in conversj.on-

line studies seem to support this result¡ A determination of

q,K values and K/L ratios for several lincs was thus undcrtaken

as part of the presenÈ investigation;

Sec. V]II: Z Experimental Procedure

2 mil-licurles of J:rf'92 processed isotope werc obtained

from Oak Ridge National- Laboratory in the form of Na2 fr C16 in

one ml. of 0.1 N HCl. Two sources würe then prepared by

successivuly pipetting drops onto VoYoN.S. backings. The

smaller (Z mn. diameter) source \^Ias used to obtain a spectrum

( shown in fi.q. VIfI-l-) at O.9% resolution for purposes of

examining the conversion lines whereas the larger ( 3 mm. dia-

meter) source was used to obtain a spectrum at L.8% resol-ution

with better statistics in order to examine the continuum.

These sources \^rere of necessity very thick in order that a

countabl-e activity be present.

After evaluati on of the data from the first two runs

(sec. VIII:3), it was found that results calculated for the

third partial spectþum were of a very questionable nature
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probabLy because of source absorption effects. Hence a fresh

10 millicurie sample of Ir192 from the same supplier uas used,

after an intervaL of two weeks driring which the 19 hour Ir19¿t'

activity present as an impurity had completely died out ¡ to

mekc a new source of rnuch higher specific activity. The

spectrum obtained in the third run r with the ner¡I Source r was

used for measurements of the third partial.

Seg.-VIff :: The ß-Continuq .9{- Irl9l

Ferml plots (fig. VIII-2þf all three runs were

obüained in the same way aE the p32'p33 plot of chapter VI.

îhe end-poínts so obtaíned are listed in table VIII wlth the

percentage intensities of the partial spectra. An atternpt to

calculate Ëhe "¡d-point 
of the third partial using points wíth

pronounoed statistÍcal scatter from run 2 yielded a valUe of

ZL9 iriev, The poor agreement of this value r¡rith the results of

previous investigatíons can be attríbuted to an excess of

electrons with degraded energies due to source absorption

ef,feets. Jn view of thís, it vüas decided to disregard the

thlrd partial data f,rom this run. The percentage intensities

i,{ere however obtained from the measured relative intensities

of the f,irst and second. partials by assuming that the per-

centage íntensity of t,he third partíal was the sâme as that
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obtained in run 3. It shoul-d be mentioned that the relative

intensities are cal-culated by the method of reconstructing

the three separate partial spectra using the values of the

slope and end-points of the Fermi plots and finding the areat

which is proportional to the total counting rate or intensity t

under each by numeridal- integration.

Tab1e VIÏI

Ê- E\D:POINTS AND TNTENSIT]ES

lst partial 2nd partial 3rd partial

c ce pted 688!r kev( L+i%)resuLts 56+!z kev( tro/") 269!L3 kev
(L5/,)

Sec. VIII:L The Conversion Lines

The 296,308, 316, and 468 kev K and L lines for run

1 were isolated by subtraction of the continuum. Points of

which lying beneath lines were found by the method of recon-

struction from the known Fermi=plot. Since the lines were not

cornpletely resolved, it was necessary to separate them in

order to measure their areas. Since the resolution iS

run no.

1

a

69¿+*-4

ó88Ë1

686!4

kev

kev ( lú,o/,)

kev( to6.I/,)

557!43

56L!2

) /+r+

kev

kev( trl-.6%)

kev ( 38, 5/")

219 kev

269!LJ kev
(l-5.4/')
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constant, the ful-l width at a specified fractional height

divided by the abscissa of the peak is a constant for al-l- lines,
Using the full- widths of the isol-ated K468 line at various

fra.ctional heights as a guide, the full widths of the K and L

3l'6 lines at these same fractional- heights were found¡ iie. ¡

the shapes of these l-ines were determined, allowing them to be

subtracted from their respective line groups. This process when

repeated resulted in a complete separation of the two line groups

into three distinct l-ines each. ft is necessary to point out

that the error involved in determining the full- widths of the

K468 reference linc is cumulative, resulting in a much larger

error in the K and t 296 l-ines. The areas of the l-ines were

measured by counting squares of the graph paper on which they

were plotted.

Since the third partial spectrum was not obtained for
run 1, it uäs impossible to extrapolate the continuum back to

rest energy (l=I), but the continuum was however approximated

in the l-ow energy region by applying the window absorption

connection to a few points therein. The area of the continuum

\^ras then found by the rnethod of counting squarese

The absolute intensities of

i.ê.1 the ratios of their area to that

K conversion 1ines,

the continuum, were

the

of



calcul-ated and are shown in table VIII together

absol-ute intensities of the corresponding y-rays

from the values obtained by Johns ancì Nablo(&5)

Baggerly et o1. (47)

Table IX

K-CONVERSION COEFF]CIENTS

17'l
lLe

with the mean

^^mnrr+ ^¡luvurPuv\;u

^ nJ l-.trclrlu v J

y-ray
energy
kev

296
308
3l.6
tr68

absol-ute
K-electron
i-ntensity,
N.

CK

absol-ute
y-ray
intensity,

Nq

c )v)
.)ul
.966
.598

Nek
=*K 

Nq

,021
.015
,036
.008

r\ rr'ì. V lI

" 048
.442
OUJ.J

The value of CI,K obtained for the 296 kev transition

is much higher than those of the previous investigations listcd
ån table VII; this is probably not significant but due to the

cumulative error mentioned before. The values of cr* obtained

for the 308, 316, and 4ó8 lines are, however, in excellent

agreement with previous rcsul-ts and tend to indicate that bhe

theoretical- coefficients of Sl-iv and Band, as wel-1 as those of

Rose, are approximately 40/' too high.



72.

The K/L ratios for the 296, 308, 316, anci 4ó8 kev

transitions, calculated directly from the measured area of the

lines 1 åre listed in tabLe VI. fn the case of the 296 kev

transition most work seems to indicate the presence of some ÙII

.edmixture whereas the present result would point to a pure ß2

assignment. It is s,:en again from the present resul-ts. that the

468 kew transition woul-d appear to be E2 rather than E2 with

strong tr.[L admj-xture. It is tcmpting to conc]-ude that the

present K/L ratios are consistently and significantly l-owcr

than the theorctical values. Such a conclusion, based on the

rcsults of a single run, is unjustified, however, in view of the

absence of any clcar-cut trend to low values. in the investi-
gations of K/L ratios to date as there was in the case of o6'
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