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CHAPTER 1I.
IFTRODUCTION AND HISTORICAL REVIEW

I.1 Introduction,

In 1900, Sir William Crookes separated from
uranium another substance which possessed all its
photographic activity (l.e. its p-activity) and whieh
he named uranium X. BRutherford and Soddy (1902)
applied a similar technique to thorium, obtaining a
substance which was, weight for weight, over a thousand
times more active than the original material., By ana-
logy with the nomenelature of Crookes, this was cailed
thorium X, It was largely from the results of his
study of the relationghip between thorium X and its
parent and daughter products that Rutherford inferred
the principles with which he was successfully to
analyze the enormous complexity of the phenomensg of
natural radiocactivity.

Proceeding in the same way, Giesel (1904) and
Godlewski (1905), working independently, separated from

actinium a very active substance which came to be eall
ed actinium X (AeX). Iise Meitner (1925), on the basig
of the evidence she had obtained during her study of
the homogeneous groups of electrons emitted by AcX,

was able to conelude that when the process of internal

conversion occurs in agsociation with a disintegration,
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it ocours gfter the disintegration. She compared the
energy differences between lines in the AeX electron
spectrum which she had attributed to conversion in the
Ky I and M shells with the energy differences between
the K, L and M absorption edges of both AcX and agetin-
on (An). The closer agreement obtained with the An
absorption edges convinced her that conversion actually
took place in this atom, which is the product of the
AcX X =disintegration.

Pregent interest in AcX has two principal causes.

The first refers to its anomalously low disintegration
energy, as revealed by the study of the systematics of

X -decay among the heavy radioactive nuclel. The
gecond is due to the faet that An (2%2) has seven
neutrons outside a closed shell of 126 neutrons. This
places it between the regions of validity of the single-
particle model of Mayer (1949) and Haxel Jensen and
Sueas (1949) on the one hand, and the collective
model of A, Bohr (1951, 1953) on the other. The
former applies only to configurations of particles
near to closed shells, while the latter applies only
when the configuration contains a large number of
particles outside closed shells. A better understand-
ing of the relationship between these two models
should result from a determination of the extent %o
which they can explain the properties of an intermed-

iate nucleus such as An,
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The experiments to be deseribed attempt to pro-
vide information relating to these questions., They
employ the newly-developed nuclear emulsion technique
in a study of the internal conversion spectrum of the
decay of AcX, The results of this study, combined with
the available data on the AecX - and Y-radiations,
yield some of the propexrties of the level structure
of An and illustrate some of the characteristics of

X -digintegration in the heavy even-odd nuclei.

I.2, Summary of Studies of the Radiations of AcX,.
I.2.1s The digintegrations of the agetinium series,

The processes that constitute the lower part of
the sctinium seriee are represented diagrammatically
in Figure l. ZEach horizontal line represents an
element of the series, the half-life of each element
being showvm adjacent to its line (the letters S, M, D,
Y stand forxr seconds,ﬁinutes, days, years, respective-
ly)s A single vertical line represents decay by p -
emigsgiony a double vertical line represents decay by
o -emissions In thoge cases in which branching occurs,

the fraction of disintegrations following each mode is
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indicated as a percentage.

The chemistry of these elements is such as to
make it relatively simple to separate AcX from the
others, However, because of the short half-lives of
An and aetinium A (AcA), all previous investigators
of the radigtions emitted by elements of the chain
have been faced with considerable difficulties of
attribution,

Te2a2s The o =radiation,

The first workers to observe the fine structure

of the AcX o-radiation were lMime, P, Curie and
S. Rosenblum (1932)s Using the 180° magnetiec focussing
method which they had developed during the preceding
few years, they observed, in a plate exposed for seven
days to a radiosetinium (RdAe) source, two lines
(energies 5,589 and 5.524 MeV) which they attributed
to AcX, These lines did not appear in the exposures
made with fresh RdAces They were very feeble, and no
attempt was made to estimate their relative intensit-
jes. They continued this work (1933) by investigating
the spectrum of a preparation of AeX which had been
geparated from RdAc by precipitation with Baso4f This
time they obgerved the two lines found previously, but
+ AcX, a radium igotope, has very nearly the same

chemical properties as barium; +this can be in-

ferred from their relative pogitions in the
periodic table,

'y
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these were accompanied by a third line of greater
energy and intensity which had been masked by a line
of the RdAc spectrum., Its energy was reported as
54776 MeV and the relative intensities of the three
lines, in order of decreasing energy, werc given as
6:4:1s The next advance was by Rosemblum, Guillot

and Perey (1936) who replaced the photographic record-
ing apparatus by a counter which could be moved along
the spectrum, In this way they obtained the speectrum
of a sample of RdAc which had just been separated from
all other active material, and then of thig same
sample after it had aged for 1l days. This second
spectrum showed lines due to disintegrations occurring
throughout the chain. The authors assumed that the
only lines overlapping the RdAe spectrum were those of
AcX, and obtained the AcX spectrum by differences In
regolving the total observed spectrum into component
lineg, they took as the line shape that of the prin-
cipal ray of An. In this way they found a fourth AcX
line, an& indicated thet there were probably others

of still-lower energy and intensity. Further measure-
ments made on the RdAe spectrum (Rosenblum, Guillot,
Perey, 1937) using an improved technique (condensation
of the emanation by a foil cooled with liguid nitrogen
showed that the energies reported previously were, on
the aversge, 19 keV too highs This question need not
be congidered too deeply at this point, since only the
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differences between the disintegration energiles
corresponding o the various o-groups are of import-
ance in the determingtion of the level structure of

the An nucleus.

== ————

il ey 1) 8 TECENT SUTVEy and
re-evalunation of the results obtained by the Paris
workers during the period 1931-1937, Briggs (1954)
gives the values listed in Table 1,

R = e

A detailed study of the complex o-spectra of the
'heawy elements has been published by Asaro (1953). '
His o -particle speectrograph employed a 60° symmetric—
al magnetic analyzer, the normal trajectory having a
radius of curvature of 75 ems AcX was removed from a
gsample of actinium and thorium by means of a cold
Dowex 50 ion exchange column, and vecuum sublimed onto
a source whose final surface density was asbout 10}#@/
cmg. The o-particles were deteeted in Eastman NTA
plates having emlsions 25 to 30 microns thick. After
exposure these plates were scanned under & mggnificat-
ion of X450, a count being made of the number of
tracks whose direction lay within a certain cone of
acceptance, Nothing was done to eliminate the fogging

effect of the emanating actinon, end hence his plates
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showed an enormous number of beekground tracks,

Asaro measured the differences between the energies of
the five groups he detected, but mede no attempt to
determine the absolute values of these energies,

In an unpublished communicetion to G.T. Sesborg,
Rosenblum (1952) pgave his latest results on the AeX
o =particle fine structure, These are listed in
Table 1, along with the results of Asaros The energy
of the 53%% line in the Asaro speectrum is set equal to
5.704 WeV, the energy observed for this line by
Rosenblum. No experimental details of this latest
work of Rosenblum have been publisgheds j

I:2430 The conversion electron spectrum.

A detailed study of the extensive results previoug-
ly obtained from magnetic analysis of the conversion
electrons of RdAc and its derivatives forms an import-
ant part of the present work, Tor this reason it will
not be given in this hisforical_summary, but will be
deferred until Chapter IV. The experiments by which
these results were obtained will now be deseribed.

The earliest investigations used the absorption
techniques However, the first study that achieved
the resolution required for precise analysis was that
of Hahn & Meitner (1925)s AcX was precipitated with
ammonia from a solution of RdAc in eguilibrium with
its productss After purification it was eleetrolyzed
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onto a very thin platinum wire which was subsequently
used as the source of the radiations. The spectrum
was énalyzed with a semi-cireular focussing magnetiec
spectrograph with photographic recording, the energy
range 12+5 = 465:7 keV being coverede 49 lines were
attributed to RdAe, 21 to AcX and 9 to the active
deposit (AeB + C). The energy of each line was meas-
ured relative to the P-line of ThB (taken as Bp = 1385
gauss-cm ), znd a visual estimate was made of the
amount of photographic blackening it produced,

Hahn & HMelitner were not aware that the disine
tegration of the actinium emenetion is asecompanied by
the emission of internal conversion electronss All
rays emitted by the AeX source and not by the aetive
deposit were therefore sttributed to the AcX disin-
tegration, This must be kept in mind when their re-
sults are considereds It weakens their proof that
internal conversion takes place in the desughter atom,
since as far as their work went, the transitions that
were correctly shown %o be converted in An might have
erisen in An as well, and not in the parent AcX.
Portunately the An gpectrum 1s in faet mueh feebler
then that of AcX, end the attxribution by Hahn &
leitner of the parentage of the strong conversion
lines to AcX has proved to be correct,

A very extensive magnetic speetrogrephic invest-

igation of the conversion spectra of radioactinium and




] (un

its products was performed by Surugue (1937). He

made no atlempt to work with AeX sources, but obtained
the AcX spectrum from the difference between the
speetra produced by new and old sources of RdAe. He
avoided AcX sources because these emit An freely, and
this results in the Pfogging of the photographic plates
used for recording. RdAc sources, on the othey hand,
can be prepared in a form that is more effective in
keeping entrained the An produced by the AcX disine-
tegrationgs This was noticed by Hahn & Meitner, but
they still preferred to work with AcX sources.

The gpectrum of the setive deposit was studied
geparately by Surugue and presented no difficulties.
An gttempt was made to obtain the An spectrum by using
as 8 source & glass ampoule containing an AcX prepar-
ation covered by a gold foil., It was intended that
the An should diffuse around the foil into the space
that was teken as the source. Another technigue ugsed
was putting the AcX into a tube; a section of which
was drawn out to very small diameters The An diffused
into this section and disintegrations taking place
there were studied in the spectrometer, In either
|ease the effective source dimensions were relatively
large, resulting in poorer resolution than in the
RdAc and active deposit inves#igatiuns. Surugue
attributed 76 conversion lines to RdAe, 30 to AeX,
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9 to An, and 15 to the active deposit, He measured

their energies welative to the F-line of ThB (taken

as Bp = 13%88) and obtained their relative blackening
by mierophotometering his platess

In 1944 Surugue, in collaboration with Ouang,
re-examined the part of the RdAc speetrum below 46
keV, They confirmed almost all of Surugue's previoug
attributions, and supplied better measurements of
energy and relative blackening,

As will be shown in Chapter IV, the results of
Hohn & Meitmer differ in many important respeets from
thoge of Surmgue, Another megnetic focussing
p -gpectrographic investigation of the AcX spectrum 
is vrgently needed, but because of the speed of the
actinium chain and the comseguent difficulties of
attribution of the observed conversion lines, this task
is not an attractive one. Recently, however, the
Paris group (Frilley, Rosenblum, ?aladaréz,
Bquissi%rea, 1954) have begun a study of the RdAc con-
version speetrums Using newly-developed extraction
techniques they have produced solid-free, derivative-
free sources of RdAcs The aunthors have published their
results on the lines of energy less than 6l.5keV (F=-
line of ThB taken %o be Bp = 1388.55)s In the cases
in which these regults relate to a disagreement be-
tween Hahn & Meitner and Surugue, the work of Hehn &




lleitner appears to be confirmed.

& completely different approach to the investig-
ation of Tthe conversion spectrum of an element in the
actinium series was made by Bemnnett (19%8)s He intro-
duced An gas into a Wilson cloud chamber and made a
study of the electron tracks associated with
oa-partiéles emitted by disintegrating An nuclei, He
estimated the energies of e¢lectrons shove about 15 keV
from the curvature of the tracks (a magnetie field of
380 gauss parallel to the axis of the camera was pro-
duced by a pair of Helmholtz coils)s The ranges of
aoﬁe of the lower energy electrons were algso measured.
On the basis of the 80 conversion electrons obgerved,
Bennett concluded that his results confirmed those of
Surugue, except that he found no evidence of thel
strong 105 keV line that Surugue had attributed to An,
This point is of speeial significance for the present’
work, as will be made clear in Chapter IV,

Ie244s The 7 - and X-radiationg,

These were studied by Frilley (1940), using a
rotating-crystal spectrograph with photographic record:
ing. As sources he used preparations of AcX which had
just been separated from RdAe. However, because of
the long exposures required, he was actually studying
AcX in equilibrium with all its decay products.
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Prilley also studied the spectrum of actinium in
equilibrium with its decay products, and that of fresh-
ly separated RdAe. The exposures for the latter last-
ed for a few days, during which time the AcX radiat-
ions remained weak compared to those of RdAec, This
permitted him to identify the RdAe 7-rays. Of course,
Frilley could not supply the attribution of any of the
7- rays emitted by AcX or one of its products. The

results of his work are summarized in Table 2,

TABLE 2.

7Y - Spectrum of AcX and its derivatives. (Frilley, 1940

(e¥)  nelative  (kev)  melative
Intensity Intensity
44 155 12
52 Ol 180 : &
62 270 20
90.5 - 540 15
123 & 415
144 6 590

Note: Frilley has published no quantitative
intensgity data for AcX and its derivat-
ives. The values given here were kindly
supplied by him in g private communicat-
ion to Dr. M«A.S. Ross.

The most striking feature of Frilley's investig-
ation of the characteristic K-X-radiation is the




predominance o0f the Ko~ and Ko, - radiations of
element 86, Their combined intensity is over ten
times as great ag, that of any other element in the
acetinium series, whereas in both the uranium and
thorium series it is the K-X-radiation of element 83
that predominates.

I.%: Outline of the Present Work,

At the time this investigation was begun't the
available information about the disintegrations of
AcX led to g number of anomeliess The above-mentioned
experiments on the conversion gpectrum indicated that
gtrong transitions of energies 122, 144, 154 and 268
keV take place during the de-excitation of the An
nucleuss This is confirmed by the lines of the
? - spectrum and by the intensity of the characterists
ic X-rays of An. Yet none of these transitions could
be fitted between the energy levels deduced from the
energies of the o-particles that had, up to that time,
been observed to accompany the AeX disintegration
(see Table 1). This suggested that the ground state
of An is not direectly execited by O -disintegration of
A¢X; but is reached only by transitions from states of
higher energy which are direetly exeited. A forpidden:
ness of this type is of oonsidexable_intereat in the

theory of -gystematics. However, on the basis of

+ January, 1952,
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the existing information it was not possible to prove
this conjecture, because only the relative intensities
of the transitions were lmown, whereas the absolute
intensities (transitions per disintegration) would
have been required to demonstrate the inadequacy of
the level scheme deduced from the X-gpectrum. Parther
more, the rapidity with which the suecesggive disin-
tegrations of the asctinium chain follow each other
prevented all the previous workers from providing
really convineing proof that the observed conversion
and 7 ~trangitions are to be associasted with the de-
excitation of the An nucleuss The object of the pres-
ent work has been to check the attributions of these
transitions, and to estimate their gbsolute intensities,
This has been done by impregnating Ilford G5
(electron sensitive) emulsions with AeX citrate, In
this form, the AeX was probably bivalent, and thus
able to form a structural bond with the gelatine of
the emulgion until its disintegration. However its
chemically inexrt daughter product, An, was unable to
enter into such a bond, and hence was free to diffuse
through the emulsion by Brownian motions The other
digintegration products could all exist in the charged
form, and hence were trapped by the gelatines While
it is true that the disintegrations occurring farther
down the series ruptured these gelatine-heavy atom
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bonds, the distances moved by the recoiling atoms be-
fore other bonds were formed were too small 4o be ob-
served, The result was that the ol=particle track
assoclated with the A¢X disintegration was gometimes
gseparated by several microns from the "star™ produced
by particles emitted during subsequent disintegrationsy
If it is assumed that the transitions between the
excited and ground states of An all took place within,
say, -=th second of the time of formation of the An
nuecleus, then the internal conversion electrons assoc-
iated with these transitions must have produced tracks
which had a common origin with the separated -particle
tracks A study of these electron tracks yielded in-
formation about the spectrum of conversion electrons
emitted during these transitions onlys And since the
nuclear emulsion technique permits a study of the dis-
integrations one at a time, the absolute intensities
of thé lines of this spectrum could be obtained.
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CHAPTIER 1II
DESCRIPZION OF THE METHOD

II.1 Experimental Procedure.

IT.,1.1. Source preparation; Impregnation of the
Plate Be

One of the standard methods of separating berium
from fission produet mixtures is precipitation of
Ba(05), by fuming HNO; (Lieber, 1939; Glendenin, .
1951)s Since barium and AeX have almost identical
chemical properties, this method could be used for the
sepa:ation of AcX, To a drop of a solution of actinium
in equilibrium with its decsy products, and containing
20 mg, Bat? carrier, were added seversel mles of fuming
HNO. s The precipitate of Ba(NO3)2 + Acx(N03)2 wes
separated by centrifuging, dissolved in water, and then
re-precipitatéd as the ecarbonate by the addivion of
aéueoua sodium carbonate solutions This was washed
with water four times, and then dissolved in about 3 ml.,
of 5% citric acid solution. The pH of the resulting
golution was adjusted to 7.5 by the addition of dilute
HH40H.

It has been found (Yagoda, 1949; Jarvis, 1950)
that the impregnation of nuclear emulsions with heavy
elements is complicated by the tendency of these ele=-
ments to form chemical bonds with the outer layers of
the emulsion., This is the reason for the use of the




citrate ions It forms a complex with the heavy element
which prevents the occurrence of this bonding, and so
permits effective penetration of the impregnating
material (Zajac and Miller, 1952). The citrate also
prevents the barium from precipitating in the emulsion
when eéarbonates are added during development,

Becauge the exact activity of the source was un-
known, it was necessary to perform tests covering a
wide range of source dilutions in order that s satis-
factory density of events be obtained in the final
platese Ilford G5 and Kodek NT4 plates (emulsion
thickness 200 microns) were cut into 1" x 1" gections,
and these were soaked in the diluted aetive solution
for 30 minutes at room temperatures They were then
dried for en hour in a curvent of warm air (about 30°C),
and stored for four days in the presence of a saturat-
ed solution of K00, (relative humidity 44%).

The addition of wetting egent to the impregnating
solution caused no significant increase in the speed
of penetration, Best resulis were obitained when none
was useds The quality of the Kodak emulgion seemed to
be slightly better than the Ilford product, but this
was more than offset by the tendeney of the Kodak
emulsions to separate from their glass backing during
impregnation or drwing. The presence of a few per cent
of glycerine in ‘the impregnating solution seemed to
have little effect. TFor this reason an Ilford plate
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was used for all the AcX measurements. It was impreg-

nated on the 2lst February, 1952, two days after its
manufacture.

IT.1.2. Exposure of the plates; Development and

post-development treatment.

All the work on AcX to be deseribed in this
|thesis depends upon the diffusion of An through the
nuclear emulsion. The ability of the An to diffuse is
a2 rapidly increasing funetion of the moisture content
|of the emulsion, which in turn is an increasing :
|funetion of the relative humidity of the surrounding
aire Because of the short half-life of An, ease of
interpretation of the events requires the emulsioen to
be as porous, and hence as moist, as possible, However,
high relative humidity during storage introduces other
complications. It increases the grain spacing of the
electron tracks, and this makeg it more difficult to
decide whether the beginning of a given electron track
coincides with that of the separated ~track or with
| the vertex of the 3-X~track star. Also high relat-
ive humidity during storage introduces uncertainties
regarding the stopping power and shrinksge factor of
| the emulsion, TFor these two reasons, especially the
last, the relative humidity used, nemely 44%, was no
higher than that normally employed for nuclear
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emulsion work in thies laboratory.

Since the stopping power of the emulsion depends
markedly on its moisture content and since the initial
energies of the particles studied were inferred from
their ranges, it was desirable that all the disinteg-
rations should have taken place while the emulsion
condition was constants It was inevitable, however;
that some of the disintegrations would oceur in wet
emulsion during impregunation and development. In ordes
that these be relatively few, a weakly active impregna]
ing solution should be used and the plates should be
given as long an exposure at 44% relative humidity as
possibles But the rate of disintegration of the AcX
‘| deereases exponentially with a half-life of 11.2 days,
while the formation of cosmic ray background goes on
at an approximately constant rate. Hence, an optimum
must be found; after several trials, an exposure time
of four days appeared 1o be a reasonsble approximation
Yo this optimum,

The plates were developed according to the
temperature development method of Dilworth, Oechialini
and Payne (1948). The solutions used sre specified in
Table IITI.

The developér was chilled to approximately 4°C
(temperature of water at its maximum density). The
plates were immersed in distilled water at room temper
ature, the water + plates were gradﬁallg cooled to

e

i




4%¢, @nd then the plates were transferred to the
developer., After 30 minutes, during which time the
developer diffused into the plate but reacted chemic-
ally to only a very slight extent, the plates and
|developer were transferred %o a bath at 22,2%, The
development was allowed to proceed for 20 minutes
since it was found that this produced plates in which
even minimum ionization tracks were fully developed,
|yet caused the formation of relatively few 'fog'

grains, The plates were then put into the stop bath
At the end oF thss tlme the

for 20 minutess - , -~ :
Ia er o$ sllver present_ on _the emulsmn sur{-ace wa.c,

] e~ ] s TV BT b s -

gently rubbed off with a moist fingers Uext the plates
were trensferred to the Pixzing bath (18.5°C), and left
there in a horizontal position for one-and-a-half
times the length of time required for complete clear-
ing« The total fixing time wvaried from one bateh of
plates to another, but was usually about 15 hours.

At the end of this time, water at room tempera-
ture was dripped into the fixing bath at the rate of
gbout 3 mi.per minute, After an hour, this rate was
increased gradually until the initial hypo concentrat-
ion had been reduced by a factor of about 10, Then
the plates were washed in a current of tap water until
a sample of the wash water was no more effective in
decolourizing a dilute KMnO4 solution than was water
straight from the tap’s The plates were then set out

+ For details of this sensitive test for residual
hypo, see Ilford Manual (Jan. 1953), ps 211,
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to dry, still in a horizontal position.

After drying, the plates were goaked in the
glycerine solution for an hour, and then set out to
dry againe This was an attempt to replace the glycer-
ine leached out of the emulsion during processing, in
order that the emulsion be tougher and less likely to
peel in the dry atmosphere of the laboratory.

Amidol (2,4 diesminophenol dihydrochloride) devel-
opers, with or without restrainers,; produced poorer
results than the Elon development described aboves

Even if the plates were removed from the developer dur,

ing the ‘'warm gtage', the uppermost five or ten microns
of emulsion showed excessively heavy development, It
was thought that this was an oxidation effect, and so
it was hoped to avoid it by providing the emulsion
with & close~fitting cover of tissue paper. This
caused a slight improvement, but the Elon result was
still much better,

IT.1e%s Microscopic examination of the plates.

The plates were studied under g Watson Bactil
binocular microscope (2 mm oil immersion objective,
X10 holoscopic eyepicces)y the rated overall magnific-
ation being 980 dismeters. FPhotographs of representat-
ive events are shown on the following pages.

Before the events in & region of a plate were

studied intensively, the entire region was mapped out




Figure 2a. A typical example of a star in which no
cL-%IacE separation can be discerned. In addition to
the four o~tracks, three electron tracks radiate from
the origin of this event, Two of these are due to
Bp-particleg and the third to an intermal conversion
electron, However, it is possible neither to decide
which is the internal conversion electron, nor to
attribute it to a particular decay in the series.

Figure 2bs A case of clear separation of the AeX

o =track, Two internal conversion electrong have

been emitted in cascade during the de-excitation of
the An nucleus. The two P -particles of the series
can be geen agsociated with the 3%-x-~track star.




Figure 2¢, An event in which no conversion eleetron
acks are associsted with the separated ol-track,.
The two Pp-tracks radiate from the 3- x~track star.

a

Figure 2d. Here a single conversion electron track
Eﬁg o common origin with the separated -track. The
p -particle tracks have too steep an inelination with
the plane of the photograph to be visible. A back-
ground electron track pesses the event on the lefts

-
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Flgure 2e. One electron track is definitely

associated with the separated ot-track. The two or
three grains at the right of this o-track near its
beginning may or may not be a second electron track.

. Fig%ge'Zf. These two photographs, taken at slightly

erent depths in the emulsion, show that the low
energy €lectron track is associated with the separat-
ed o~track rather than the star, while the reverse
is true of the high energy electron track.




F;igre 2g+ Here an o=track is definitely separated
u 8 impossible to decide whether the electron

track on the left has as its origin the vertex of the
= X =track star or the separated o~track, Hence this
track may or may not have been produced by an AcX
conversion electron,

%gﬂ%e_gg. The origin of the low energy eleetron
rack probably coincides with that of the separated
o-track, but one cannot be certain of this. The
dark band across the middle of the photograph is due
to a heavily ionizing background particle passing
immediately under the event,
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onto squared peper, using a magnification of 450

diameters. [Then the events were studiecd in turn under

the higher magnifications Because of this, and because

each o-particle star had a distinctive geometry, it
was possible fo locate at will any previously studied
events

As has been pointed out in §I.3, the experiments
to be deseribed depend upon the possibility of identi-
fying the tracks produced by the conversion electrons
accompanying the AcX disintegration as those having a
conmon origin with the separated wo~track, Since
electrons were emitted during disintegrations that
ocecurred farther down the series, electron tracks also
rgdiated from the 3-o-particle gtarss The prinecipal
difficulty of this work arose during the attempt to
attribute ¢ach individual eleetron track to one of
these two classess

It was of the greatest importance that the
eriterion used in the selection of events for study
should have no digtorting effect on the various
speectra that it was the purpose of this investigation
to determines Such distortion might have been intro-
duced if the events were accepted or rejected on the
basis of difficulty of interpretation, It is fairly
certain that this would have resulted in a bias againg
those events in which two or more internal conversion

electrons were associated with a single AcX

(2
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digintegration. The criterion Pfinslly accepted was
the following: accept an event for study if and only
if the An nveleus had diffused to a point outside =
cylinder of unlimited length whose axis lay along the
AcX ot=particle, andlwhose radius was one micron.
Since .the phenomena governing this diffusion were
independent of the mode of de~excitation of the An
nueleus, it can be asgumed thet the sample of events
gtudied was random with respect to the spectrum of
internal conversion electrons resulting from this de~
excitation,

The reason that account was taken not only of
the magnitude of the resulting diffusion but slso of
its direction, is that occasionally gaps one or two
microngs long were scen in apparently well-developed

&=~ tracks, If such a gap had occurred at the very
beginning of an =track which did in faet radiate fro
a 4-«-track star, the event would have been indis-
tinguishable from one in which genuine diffusion had
taken plece, However this seemingly separated

o¢ =track would have pointed directly to the inter-
gection of the other three o«~tracks, and hence
would have heen unacceptable according to the criter-
ion specified above.

There remains enother possible source of stat-
istical error., PFrom the data of Rosenblum (1952), the
most energetic AcX X-particles produced recoiling An




atoms of energy 107 keV, while the recoil energy due
to the slowest AcX oe-particles was 99 keVe Is it
possible that the additional recoil energy in the
Tirst inslence increased the probability that the |
diffusion criterion would be satigfied? If this were
the case, a bias would have been introduced against
events in whieh the higher energy levels of An were
excited by o-disintegration, However, the recoil
impulge given to the An atom lay along the direction
of the AcX o~-particle, whereas it was the smount of
diffusion perpendicular to this direction that decided
whether an event was 10 be accepted or nots Also, the
increment of 8 keV out of approximately 100 keV ig
small. No data are svailable on the stopping power
of nuclear emulsion for An atoms, but using Weyl's
(1953) results for neon penetrating an atmosphere of
hydrogen, this extra energy would have resulted in a
range difference of gbout 0.05 microns. For these two
reasons, the possible error arising from this effect
has been congidered to be negligible,

Approximately 10,000 4—¢~track stars were exam-
ined; 809 of these were acceptable acecording to the
above criterion, BEven among this class of acceptable
events, considerable difficulties of interpretation
were encountereds 4 disproporiionally great amount of
time wes spent on these difficult evenis, and rather

little information was obtained from thems Other
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methods of selecting events were considered, with the
hope of increasing the speed or efficiency of data
collection, In each case it was felt that any gains
achieved were hardly worth the seecrifice in statistic-
al validity that the faster method entailed.
After each of the 809 events was interpreted,

measurement was made of the three~dimensional path

lengthe of all electron tracks that could be identifie&

with definiteness as having been produced by AcX con-
version electronss The number of grains in each of
these tracks was estimateds A grain count was also
taken for those tracks which could possibly have been

due to AcX convergion elecirons, but for which a

definite decision was impossible, The three-dimensgion.

al range of the separated ol~track was measured for
the firgt 556 events studied.

leasurements of horizontal projection were per—
formed with a calibrated eyepiece graticule (approxi-
mately 1.0 microns per division); depth measurements
involved the use of a graduated fine-focussing adjust-
ment (approximately 0,8 microns per divigion). The
scales used in both cases could be nominally read to
the nearest J+1 microns This, however, does notl
refleet the true accuracy of the measurementss Furthe
cdﬂaideration of this point is given in the next seeti

O«
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IT.2. The Effeets of Obgervational Errors,

In nuclear emulsion spectrometry, the initial
energy of an ionizing particle ig inferred from an
estimate of its path lengths This estimate must be
made from a study of the configuration of the grains
that compose the track of the particles The track ig
first analyzed into straight line segments, the length
of each segment is obtained from megsurements of its
horizontal and vertical projections, and then these
lengthes are summed to give the total track lengths In
the case of an o~partiecle track, the entire track
usually consists of Jjust one segments The path of an
electron is more tortuous, espeeially near the end of
its range, and so an estimate of its path length re-
quires the measurement of a lerge number of segments.

In accordance with current practice the measure=
ments were made between the centres of the graing that
defined the ends of the segments. It is of importance
40 Imow how this population of grain centre o grain
centre distances 1s related to the population of true
path lengths, since only the former is accessible to
measurenent, while the latter is the one of theoretic-
al interests Unfortunetely, the connection between
these two populations is hopelessly complicated, I%
depends upon the exact spatial distribution of grains
in the original emulsion end upon the exact positionin,

g

+ For tracks produced by electrons of initial energ$
about 350 keV, the number of s¢gments was sometimes
greater than 90.




of the path of the particle with respeet to these
grains, There is no guarentee that the centre of the
observed clump of silver (diameter 046 = 0,7 microns)

coinecides exactly with the centre of the undeveloped
(mean diameter ~ 0.8 microns),

SLOLY i i SUDETDOSEA ON
these uncertainties gre the difficulties of measuring
such small distances, This is espeeially true of the
depth measurements, where the Pinite depth of focus of
the microscope end the imperfections in the focussing
mechanism severely limit the accuracy.

A complete mathematicael treatment of the problem
is out of the question. A methemgtical model which eay
be handled, and which has gome of the Pfeatures of the
actual situation, is the following:

Segments whose txue lengths, { , exe distributed
AL Wi Poand whsntund devEikden = 1 (0= . have
directions which are distributed isotropically in
space and independently of the segment lengthe, Con-
sider e large number of segments, ell produced by
particles whose true horizontal projections are equal
to z. Then it is assumed that the measured horizontal
projections, & , are distributed with mean £ = x.
Similarly for segments whose true vertical projections
are equal 0 y, the measured values, 7) , have as
their mean T = yo Horveover, ( £-x)and (p -y)
ave distributed independently of cach other and of (.
Then for & and v cufficiently close to x and y
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respectively, the measured length, A , is approximate-
1y given by the Taylor expansion,

X
:-'._]' *+ nl '5-'-4 = % £= ( )
oS DR i +ix"+ﬂ WX +Qx+fl o=,

0F )\ = ( + es06(-x) + sm0 (1-9), (2)

where @ is the angle between the gegment and the
horizontal plane, For tracks all having the same
value of ¢ ,

X -_=-€ + csB (§-x) + smo (n-y) = E,
(3)

=

gince 5=x and 9=y¢ AlsO

Lo .

V= (2 + ews*e (1-x)* + si*e(9-y)»> + 2¢c050 L (5-x) +
250 @ {(9-9y) + 25m0 wsB (s—x)(7-Y4) _(4)

Because of the independence of ( £ = x)y, ( »=-y), and
€ s

L(t-x) = € (3-x)
-9 =t -y
(5=-x)09-4) = (5-x) (9=4) (5)

and since 5 =x, ¥ =y, equation (4) reduces to

AT = 0 + cos8 (3-X)* + sin*® W X (6)
Hence i
= (A=3F = X-() = C-(€) + e’ G0 =
sin’® (7-y)*

— S+ o (30 + smo(19). (7)
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This gtill refers to tracks inelined to the horizontal
plane at an angle ©. Sinece, according to the

assumptions, A = ¢ igs independent of 8, o2 for all
angles may be obtained from ¢,° by simple aversging:

4
5> = | o Ple) do . (8)
e=0o

Here P(8)d8 is the probebility distribution of

angles © & From Figure % it can be seen that the
assumption of an igotropic spatial distribution implies
that P(6) = cos © , Then

7 ¥ £

g2 = s? fc.os e de + (;_,r.}i cos’e d6  + (9—y}’“[sin19cas9 de
e=-o 8=o -6

e R S S e 20 A el (e DI (9)

This derivation makes no assumption about the
natures of the various populations: involved; However,
the validity of the expansion (1) depends upon the une-

certainty in the measurements of horizontel snd vertic

gl projection being small abmpared to the segment
lengthss This invalidates formula (9) for use with
low energy electron trackss It should be epplicable

0 the o(=track measurements if suitable values are

taken for | g—x)z and (')”!ﬂ: + Upon congiderstion of
the various factors involved, these are taken Yo be
0,04 microns? and 0.25 mierons? respectively, For

normsl distributions of 5 and n about x and y,
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these would correspond to curves whose widths at the
pointg of inflection were 0.4 microns and 1,0 microns
respectivelys Using these values, equation (9) shows
that the observational errors increase the square of
the f¥rue population standard deviation by 0.11
microns®,

The above derivation obtains only the measured
gtandard devietion in terms of the true one., If it is
desired to determine the complete measured distributio:r
more involved considerations are necessarye. These are

given in Appendix I.

II.%. The Depth Corrections

To compube the distance in the original emulsion
between two nearby poinis, it is necessary 1o measure
both the horizontal and vertical projections of the
straight line segment joining them. As stated on pagé
26, the former was measured with a calibrated eye-
piece graticule and the latter with the fine-focussing
adjustment of the microscopes The problem to be dis-
cussed now is that of determining the relationship
between the true vertical projection of the segment
in the original emulsion and the angle through which
the fine adjustment must be turned, when examining the
processed plates, in order to change the plane of
focus Fvom one end of the segment to the othert, This

+ In order to minimize lag in the fine adjustment

mechenism, the mieroscope tube was always racked
upwards during measurements
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relationship may be conveniently expressed as,

vertical projection
in unprocessed = K X reading of fine ad-
emulsion Justment scale,

It is then necessary to determine XK and to study
ite variation with position in the emulsion and with
steepoess of track. There are essentially two ways
of doing this:

(1) One may create in the original emulsion a
population of tracks having a lkmown angular distribute
ion, and choose K such that the obgerved anguler dis-
tribution is identical with it,

(i) One may create in the original emulsion a
population of tracks whose range distritution is a
Imown funcetion of steepness, and choose X such that
the observed range distribution is the same funetion
of steepness, N

Using a modification of method (i) in which a
spatially isotropic distribution of o~tracks was obe
tained by bombarding lithium loaded plates with
thermal neutrons, Rotblat and Tai, (1949), found that
K is independent of depth in the emulsion, Using
method (ii), they found that the value of K obtained

from the ratio of the thicknesses of the unprocessed and

processed emulsions caused their ranges to inerease wij
track steepness, whereas they could expeet that the
true ranges were independent of steepness, They con-

eluded that this value of K ig applicable to tracks

th
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whose angle with the horizontﬁl is less than sbout
30°%, but that o smeller velue must be used for stecper
tracks, Jenny and Hfirlimann (1951) have pointed out
that if Rotblat and Tai had decreased their value of
K by 23% they would heve observed no dependence of
length on angle, Their own work indicated thet K is
indeed independent of both depth in the emulsion and
steepnecs of track, Again, Horan (1953) has exposed
plates to Poalo o~ perticles and, in agreement with
Rotblat end Tal, observed an inecrease of length with
angle, whereas Greenberg and Haslam (1953) have re-
marked that if Horan had used a lower shrinlkgge Ffactor
he would have observed none, These latter authors have
applied both methods (i) and (ii) of page %2, and like
Jenny and Hirlimann, have reached the conclusion that
K is independent of steepness and depth, ‘
Rotblat and Tai (1949) suggest as explenation of
their observed dependence of K on steepness that dur-
ing shrinkage, grains on a steep track come into con-
tact with each other, and so are prevented from
following the further displacement of_the emnlsions
The important range messurements of the present work
are of the tracks of electrons which, exeept at the
very ends of their paths, have a much lower grain den-
gity than those of the heavily ifonizing o~ particles
studied by Rotblat and Tais For this reason, and also
becaucse the method of depth eprreetion uged in this
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work is modelled on those of Jenny and Hérlimann (1951)
and Greenberg and Heslam (1953), K is considered to be
independent of track angle.

Under ordinary conditions of observation, K may
not be constant in time, Its variation with the relat-

ive humidity of the surrounding air has been investig-
ated by Martin (1949). In the present investigation =
day to day change of 7# was not uncommon, However,
this variation was not so rapid as to cause a change
in the ratio of the vertical projection of a segment
to the overall thickmness of the processed emulsion at
a fixed reference point. Therefore, this overall
thickness wag measured at the beginning and end of
each session of observations, and the vertical pro-
jeetion of each segment was expressed as such a ratio,.
It then remained only to find the thiclmess of unpro-
cessed emulsion to which the overall thickness at the
reference point corresponded. This was done by method
(ii) of page 32s

The tracks used for this purpose were those of
the AcX cx-@articles:_ Let i be an assumed thickness
of unprocessed emulsion corresponding to the overall
thickness at the reference point and M(i + €) be the
true thickness. The problem now is the determination
of € « For a track for which the horizontal project-
ion is { mierons, the depth scale reading y divisions,
and at a time when the depth scale reading for the

+ For confirmation of the identification of these
tracks see §TIL.4 below.
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overall thickness of the processed emulsion at the

reference point is d,

computed length = z’' = (‘ “(Z4)

: (1+e) \* (10}
true length = Z = {;n (B NG
z ; 2
Then' - z! =-z2" = —(—';1-5) e(zte)
" k=
1— —5 _—_—-(I;':‘?) e(2+€) = - €(2+€) sin'@’

where ©' is the track angle computed on the basis of

the assumed M. Then

[ z ]
2L T et e - iy

The AeX ot=tracks did not all have the same true

renge, However the mean true range, Z, should have been
independent of angle. Then from (11) the mean measured
range, Z, should have had the following angular depend-

ence ™

+

‘Z-; glﬂ 9, e -E-
( ) 11 + E(24€) sm*er 2

For purposes of comparison with experiment it is useful
to have the average value of ?(sin 8') over a finite
range of sin 'y To get this from (12) one must have
the probability distribution of sin ©8'« If it is
assumed, as in §II.2, that the true angle, o, is
distributed isotropically, the distribution of sin® ,

P(sin @), is given by (see Figure 3, page 30 )«
P(s{ne) d (sine) = d(sm @),

+ ?(sin ©') indicates that Z is to be regarded
as a function of sin®' .,




Then the distribution of sin©' is simply

P'(sin 0') d(sime’) = %((:__6261) 4 (sin6") o

From the equation +tan® = (1 + ¢ ) tan®) it follows

immediately that sino = ('“.‘-5‘19—1#: and hence

ﬂ:é(l“ﬁ) sm e’
G+¢) d(smme’) .
[v + e(2+€) sine'] s (14)

P'(sme')d(sine’') =
Then the mean value of Z' (sin 8) over that range of 6’
for whieh h, { sin 0'¢ h, , which is designated as E’Zi >

is hs : Ze, d(sme’)
—Z- :]?{5"‘1 9:) P(sme’) d(Slhe') =(l"‘&)% [' A G(‘-"_‘-‘j S-mze,]’

boh 4
sin ©'= b, smbzh,

hy
it Z (1*6) smd' ),
FAT Jz- b s [i:rcfa.n (5“19 iet‘v‘*ﬁ ) e T N s 1+ e(24 e) sm?e’ l 4 (15)

hoha qe(l-'-e sine'= iy,

lMaking use of the expansions
; arcTan- ¢ = ¢ - 4 ¢° + CP o I IS

¢ <t
2 =3 — & =+ ¢, .....
1+ &%
equation (15) can be written 3
?— o -Z.(Hre) [Si}le' = —;' E(r1 €) sn’e' + —;-E"(:.q-&)’- SinlEO e
Lh l"l, o et___ I|'

= Z 0+ e)[(h,—t.) ~ 2e(+¢)(hi-h) * 2 (arer(hy-h) _]
| (16)

= Z (1+€) (h-h)) ilv % eGre)(hiabib, + k-‘))
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where the terms of higher oxders of € have been
neglected since € is small, |

Now if the range of sin ©' (i.e. 0 %o 1) is
divided up into equal intervals, and if the lower and
upper limits of a typical interval are hl end h2
:espaqtively, a plot of ;?:1 versus (h22 - hahl + h12
ghould, according tc (16)y yield a straight line of
slope —5€Z(L +€)(2 +¢€ )(hy, = hy) end intercept
Z (L +€)(by, -hy)s From the ratio of these quan-
tities, € is directly obtainable.

Figure 4 shows such a plot for the best 400
tracks measured, Here (b, - hy)is taken to be 041, and
the track 1engtﬁa were computed on the basis of an
agsumed M of 182}4,+ sinée work on g previous plate
indicated that this was a reasonable value, The
vertical line at each point represents plus and minus
the gtandard deviation of :?:; » 85 computed from
the lengths of the tracks in the particular interval
of sin ', The trend line shown is that obtained by
the method of least squares, weighting each point with
the square of the reciprocal of its estimated standard
deviation. The point for the interval 0,9 < sin 8'<1
(64°9" < © ¢ 90°) has been omitted in this calculation
ginece it was felt that the shrinkege behaviour of such

+ The reason that this is considerably less than
the nominal thicknessg of 2004 is that the

emulsion surface was rubbed during processing
to remove surface stain (see page 21).

e
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steep o -tracks would be totally different from that
of electron tracks, From the ratio of the least
squares slope and intercept it has been calculated
that the true overall thickness at the reference point
should have been 183.4 * 044 4 o (The figure given
here for the uncertainty is the standard deviation of
182(1 + € ) computed on the basis of the observed
gtandard deviation of each value of ;?Tuand on the
functional dependence of € on these values of :{Z'-:u

as expregsed by the method of least squares).

II.4 The o=-rangess

The 3«1l disjunction of the AcX sters illustrated
in Figures 2a t0 2h could conceivably have been caused
by the diffusion of either An or AcB or G, that is,
the seperated o-track may have been that of either
the first or fourth o-particle in the series
22311&. = 207?‘0 (see Figure 1, page 3 )s If the
mechanism of star formation proposed by Eichholz and
Flack (1951) is correct, only the electrically neutral
An should heve been capable of diffusion, and hence th

m

population of separated X-tracks ghould have been
identical with the population of AeX ~tracks. How=
ever, Demers (1947) has detected diffusion in a nuclear
emulsion of ThA, ThB, ThC and ThC' as well as In,
Hence it is of importance Yo investigate this question
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further in the case of the actinium series,
To this end, measurements were performed of the
ranges of all four of the o-tracks radiating from
each of 100 stars in which no diffusion had taken
place. A histogram of these measurements is shown in
Figure 5, Also shown there are a histogram of the
measured ranges of those separated AcX wo~tracks in
which no diseernible bends occurred, and a histogram
computed on the following assumptions:

(1) The energies of the mono-energetic groups
of X-particles emitted by AcX, An, AcA and AcC are
those given in the Table of Isotopes (Hollander,
Perlman, Seaborg, 1953).
(ii) The ranges of the tracks of a mono-energetic
group of X-particles are distributed normally with
mean equal to the wvalue given by the mean range-eﬁergy
calibration of Rotblat (1950) and with standard deviat-
ion equal to one micron.
This hisbogram is normalized to 400 tracks since it is
to be compared to the histogram of the o ~tracks from
the 100 stars. It is clear that the computed and
observed histograms agree fairly well, which servesg to
confirm assumptions (i) and (ii)s The few anomalously
long end short tracks are probably caused by the line
ghape for the tracks of a mono-energetic group not go-
ing 4o zero as sitrongly as the normal curve for large

¥
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deviations from the mean,

It is also clear from Figure 5 that the histogram
of separated ™-tracks coineides with the computed AcX
histogram rather than with the computed AeC histogran.
Of the 457 ranges of separated tracks, only the long-
est ten or Pifteen could have been due to AcC X=part-
icless However, in each of these cases the other -'thre$
X =tracks, the ones rediating from the 3-track star,
were %00 long to be attributable to AcX o -particles,
end indeed had ranges compatible with the sssumption
that they were due to the x=particles of An, AcA and
AcCs It is therefore coneluded that the population of
geparated ot=tracks is identical with the population
of AcX o -particle tracks,

Fignre 6 sghows the contributions of the component
groups of the AcX X-spectrum, computed on assumptions
(1) and (ii) of this section. The histogrem of
ranges of the separated X -tracks is shown here as
wells From this figure it is evident that the energy
differences between the groups are too small compared
with the resolution of the nueclear emulsion to enable
the Xt ~track measurements of this work to be of any
value in the analysis of the AcX X -spectrum,
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CHAPTER III.
CONVERSION ELECTRON SFECTROMETRY IN NUCLEAR EMULSIONS.

IXXsds Introduction,

From the point of view of nuclear emulsion
spectrometry the most important attribute of the con-
version electron spectrum is ilts discretenesss Each

homogeneous group of electrons produces its character-

istic population of tracks; the total track population

of the plate is the superposition, with appropriate in
tensities, of these characteristic populations. In
spectrometry, the total population is inferred from a
random sample of tracks and then an attempt is made to
analyze this into its component characteristic groups.
Clearly, the population of tracks produced by a mono-
energetic group of electrons is of fundamental import-
ance in this work. Therefore, this chapter will begin
with o discussion of the nature of this population,
Then the problem of analyzing an observed histogram
will be considered. Some of the points raised will be
illustrated in the last part of the chapter when the
experimental results on the AcX internal conversion

gpectrum are presented.

III.2. The Track Distributions.

When a rapidly moving electron interacts with the
atoms of a surrounding material, its energy is decreas

ed by three different processes: execitation,




ionization, and Bremsstrahlung (radiation), To compare
the importance of the radiation losses to the other
two processes, an approximate formula given by Bethe
and Heitler (1934) can be used:

e
( ) ~ 8ie000 - (17)

1on-
exar.

This refers to electrons of energy E keV moving in a
material of atomic number Z . dE is the average

energy lost by these particles in moving the distance
dR 3 ‘{%% is frequently referred to as the stopping

power, For %50 keV electrons, the most energetic ones
encountered in this investigation, and for silver, the

heaviest atom in the nuclear emulsion, this ratio is

about 3%; « Hence the ionization and excitation pro=-

cesges are principally responsible for the degradation

of the energy of the electron,

The amerége energy transferred in a single eo}lis-
ion is of the order of 20 eV. Thus an electron of
initial energy 200 keV will experience about 10,000 of
| thems For a process of this sort - one congisting of
an enormous number of very small additive contributions
- the central 1imit theorem of statistics shows that
most characteristics of the overall process are dis-
tributed normally. However these conditions are not
rigorously met in the stopping of electrons since al-
though the average energy loss per collision is small,
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lerge single-energy transfers do oeccur. The result is
thet instead of the characteristics being distributed
normally, and hence symmetrically, the distribution is
skews This effect is due principelly to Bremsstrah-
lung, The reason is that for lonization and excitat-
ion collisions a large energy transfer is much less
probable than a small one. But in the case of
Bremsstrahlung the probability is roughly the same for
emission of photons of all energies up to very nearly
that of the incident electrons Henece, although the
total energy transferred is governed prineipally by
ionization and excitation, phenomena which depend upon
the rare large collisions are goveined by Bremsstrah-
lung. '
The tracks produced by electrons whose initial
energies are between about 20 and 350 keV are convene
iently deserived by either their path lengths (ranges)
or grain numberse. The concept of path length is more
ambiguous then it at first appearss TFor, during the
occasional large ionizing collision the incident
electron may transfer enough energy to the atomic
electron to enable the latter to produce a track of
its own., Because of the indistinguishability of
electrons, and because the incident electron can trans+
for any fraction of its energy to the atomic eleectron,
it is absolutely impossible to say which of the results
ant tracks is due to the deflected incident electron,

L ]
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All that can be concluded is that the collision has
resulted in two electrons having energies great enough
%0 produce tracks. Thus fhe.configuration of greains
is not linear and the expression "length of an
electron track" requires further definition, In cases
such gs this the convention is usually adopted that
the longer of the two branches is taken as the track
of the deflected incident electrons The principal ade
ventage of this is the ease with which 1t can be form-
ulated snalytically; e+ge. 1f the probability that an
electron of energy E transfers an amount of energy be-
tween € and€+de in a single collision is p(€)de
then the probability of an observed (according to the
above convention) energy transfer between € and € +de
1s* [f) + R(e-©] de  and the maximum single

energy transfer is equal %o L

2

The best method of incorporating the length of
the shorter of The two branches is the one that result?
in the smellest width for the track measurement popul-
ation produced by a mono-energetic group of electrong,
As has been pointed out, the amount of straggling de-

pends prineipally om the radiation lossess For this
reason it is usually considered that the contribution
to the line width due to those collisions that produce
branch tracks is so small that it is not worth teking
+ This is not strietly true since the longer of the

two branches is not necessarily produced by the .
more energetic of the two electrons.
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account of the ranges of the shorter of the two brénoh
tracks, However, the usual practice is to count all
the grains in both the branches. The idea here is
that the grain number should depend on the total
ionization, i.e. primary and secondary, in analogy
with proportional counter methods.

The first experimental investigations of the

in nuclear emulsion

populations of tracka&produced by mono-energetiec
groups of electrons were those performed by Zajac and
Ross (1949)s They exposed NT2A and NT4 plates to

the p-rays of Pb2-?, Bi%'0 and 19192 in a low resol-

?
ution p -spectrometer, By examining the tracks
entering the surface of their emulsion within a
2mm x 0,5 mm rectangle they obtained energy distribut
ions whose half-widths were 1.2 keV at 30 keV and 2,3
keV at 250 keV. They measured both the ranges and
grain numbers of tracks produced by electrons of
energies 30, 40, 50, 60, 80, 100, 147, 200 and 250 keV,
The number of tracks messured at each energy (25 to 50
was too small to justify an exact analysis of the line
ghapes The present author has tested these distribut-
ions for departure from normality using their third
and fourth moments (Fisher, 1950), No significant
departure wag revealed. However, when dealing with
small samples such tests are rather insensitive,

The atandard deviation of each of these grain

count and range distributions is sbout 20% of its
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mean, a result very similar to that obtained by
Williams (1930) from his measurements of the ranges
|of 20 keV electron tracks in a cloud chamber, Since
there is approximate proportionality between group
width and mean, it is convenient to plot histogrems
with log range or log grain count as sbscigsses In
the case of low grain numbers this procedure breaks
down since a logarithmic interval mey have zero
population simply because there is no integer whose
logarithm falls between limits of the interval., But
the advantage of having the group width independent of
energy fully cvompensates for this slight difficulty,
The mean range for cach energy was found by Zajac
and Ross t0 be in close agreement with the value pre-
dicted by collision theory. -%%: for the emulsion was
computed using Marton's and Schiff's (1941) ionization
potentials in the Bethe (1933) stopping power express-
ion, and the mean range for a homogeneous group of

electrons of initial energy E was taken as,

£
= |
R(E) ‘—‘-‘f —;’:é-dE.
o dR

(18)

It has been pointed out by Williams (1928) that this
procedure is not corrvects The quantity that should
have been integrated is %% rather than 1/ dE

dR
The first of these quantities refers to the mean
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distance dR gone by particles all of which lose
energy dJE , whereas the second refers to the mean
energy dE lost by particles all of which move s dise
tance dR , The numerical difference between these two
auantities arises because of the sfraggling of the
energy loss and the non-linearity of RI(E) | Althoy,
this difference is small, the fgect that it is so unive

B

ersally ignored makes it worth while to give a caleul-
ation of it (see Appendix II).

Pigure 7 shows the observed mean ranges of Zajae
and Roia end the curves obtained by integrating ! / _:‘_i
.%%- « 1t ig seen there that the correctly ecal-
culated mean-range vs.energy curve gives z slightly

poorer fit with the observations than does the incor-

and

rectly celculated one,

III+3+s The Use of Smoothing in Nueclear Emulsion
Spectrometry.

The resulits of a series of track measurements
are usually displayed as a frequenecy histogram. The
next step is the analysis of the observed histogram
into its component mono-energetic groups. In the courge
of this work one frequently encounters the following
problem: given a certain amount of structure in one
portion of the obgerved histogram, does this represent

a genuine feature of the population which has been
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sampled or is 1t merely due to statistical fluctuations?
If the sample is suffieiently large the effect of the
statistical fluctuations will be negligible, but since
it is uneconomical to measure enormous numbers of
tracks it is important to develop technigues for deal-
ing with smaller sanmples,

Whereas the true population distributica will be
described by = smooth curve, the contribution of the
statistical fluctuations to the observed histogram
will usually be a series of irreguler "peaks" and
"valleys". Hence if this discontinuous histogram is
replaced by vhe smooth curve which retains its prin-
eipal features but not ite irregular fluctuations,
one is at leget moving in the right direction. In
statistical practice this is usually done by fitting
the best (in the lesst-squares sense) polynomial of
degree n to each adjacent set of m points (m > n)
and taking the value of this polynomial at the centre
of its range as the ordinate of one point of the
smoothed curves By varying m and n one can obtain
different degrees of smoothing,

But this procedure is rether arbitrary since by
choosing a suitable degree of smoothing one can sup-
press whatever detail ome desiress More confidence
could be placed in any particular method if it could

be tested under controlled conditions, that is if one
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could see what it does to a random sample from a known
populations If such a population were available, and
if its distribution were similar to the ones that can
be expected to be encountered, it would be possible to
determine experimentelly whether or not smoothing is
of any use, and if so, which smoothing method is best,
A simple way of comstructing such a populatizn will now
be illustrated.

Figure 9a is a curve which the suthor has drawn
to resemble a distribution that will be encountered in
§III«4. By dividing the abscissa into equal intervals

]

and by integrating over each interval, the histogram of
Figure Ba is obtaineds To obtain a population whose
relative frequencies arve given by this histogram one
need only write a different numbexr at the boundary bew-
tween each adjacent pelr of intervals such that these
mumbers form an ascending series, and such that the
number of integers beiween the two numbers bordering
any interval is proportional to the histogram frequency
for that interval. Foé example, if one of two adjacent
frequencies is double the other, the series of numbers
written at the boundaries of these two intervals might
be 100% , 200% , 250% « If, now, one had a random
sequence of integers in which the occurrence of any
integer was equally probable, the probability that an
integer from that sequence would fall between the
numbers bordering any interval would be proportional
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to the histogram frequency for that interval., Random
sequences of Integers are available in published tables
and g0, in effect, a population has been constructed
whose relative frequencies are described by the given
histogren,

This has been done for the histogram of Figure Bal,
Three samples of 343 integers choéen in succession
‘from the random sequence given by Fisher and Yates
(1949) yield the histograms of Figures 8b, ¢ and d.
‘Applying Spencer's 15-term formula (Kendall, 1952) %o
thege higtograms one obtains the smoothed curves shown
in Figures 9b, ¢ and d, respectively. It can be seen
immediately thet although each smoothed curve has the
gsame prineipal features as the true distribution
(Figure 9a), there remains a resgidual lumpiness which
one might erroneously interpret as a genuine property
of that distribution. ' By applying a more powerful
smoothing method, Spencer's 2l-term formula (Kendall,
1952 ), to the sampling histograms of Figures 8b, ¢ and
d, one obtains the curves of Figures 10b, ¢ and d.
The residual lumpiness has been decreased, end for
the present application the 21-t=rm formula is the
better of the twoe. BReference to the samﬁling histo«
grams, the smoothed curves, and finally to the true
distribution makes it clear that smoothing is of valuﬂ
when one attempts to infer a parent distribution from

+ The number 343 was chogen because this happened

to be the size of the sample in the set of
observations for which the best smoothing method

was wanted.
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observed data. But even so one is not justified in
associating every ripple in the smoothed curve with a
ripple in the parent. Figures 9 and 10 show that with
a parent distribution of this type and for a sample of
this size, such ripples can be introduced into the
smoothed curve by statistical fluetuations in the
sampling histogram,

III.4, The AeX Internal Conversion Spectrum;
Experimental Results,

As stated on page 23, diffioulty was frequently
encountered in the attempt to decide whether the
origin of an electron track was coincident with the
separated o-track or with the 3= ol =track star. If
en electron track’ was definitely associated with the
separated o -track (that is, if it was definitely
attributable to an AcX conversion electron) it was re-
corded as a 'certain' electron. If the association
was posaible but not definite the eleetron was record-
ed as 'doubtful', For the 809 events satisfying the
criterion of acceptance there were 390 'certain'
electrons distributed among 367 events. There were
260 '‘doubtful' electronss Some of these were associat-
ed with events that had 'certain' electrons as well,

4+ A configuration of graing was not recorded as a
track unless it consisted of three or more
graing. One- or two-grain tracks were indis-

tinguishable from irregularities at the beginning
of the AcX o -particles.
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but there were 172 events with which '‘doubtful' electros
alone were associated. The remaining 270 events were
unaccompanied by AcX conversion eleectrons,

0f the 390 'certain' electrons it was possible to
estimate the grain numbers of 354, and to measure the
ranges Oof 343. In the other cases the tracks passed
out of the emulsion or were not sufficiently well-
defined. to yileld definite grain counts or range meag-
urements., Histograms of frequency vs. log grain num-
ber and iog renge (see page 46) are shown in Figures 11
and 12, The smoothed curves were obtained with
Spencer's 2l-term formula. It is evident that these
gspectra are substantially the same.

Figure 14 shows an attempt to meke simultaneous upe
of the ranges and grain numbers. Each of the 343 tracks
for which both measurements could be obtained was re-
presented by a point in a rénge-grain number_plang.
Thege points were grouped into intervals by a series
of equally spaced lines drawn éerpendicular to the re-
gression line, The frequency histogram drawm along the
diagon@l shows the number of points in each interval.
Whether this histogram will exhibit better resolution
than the range or grain number histogréma taken separ-
ately depends upon the nature of the correlation be-
tween the ranges and grain numbers of tracks produoéd
by & mono-energetic group of electrons., If this cor-

|
relation has a coefficient near to +1, nothing is gaingd
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by combining the data since either measurement deter-
Lines the others  However if the correlation coeffic-
lent were less than +1, and especially if it were
negative, one would expect to get the greatest resolut+
ion from the histogram obtained from the 'secatter-point
disgram's A thorough study of this range-grain number
correlation for a mono-energetic group of e¢lectrons
hag no% been performeds From the faet that the histo-
gram using the combined data shows little improvement
over the others, it can be coneluded that this correlat-
ion is not far from unitye.

That this should be so is not obviouses According
to the calculations of Zajac (1949) the stopping power
of the silver halide grains of the nuelear emulsion
is about four times that of the gelatines From this
one might expect that of two electrons of the same
initial energy, the one that loses more of its energy
in the gelatine would have the longer range, whereas
the other would produce a track with a higher grain
numbers The observed correlation confirms the state-

ment made on page 43that it is the large single trans:

fers that govern the straggling, since these would
affect both the ranges and grain numbers in the same
vay e

These histograms, being confined to the ‘eertain'
electrons, may not give a true picture of the AcX

internal conversion spectrums A histogram for the 195
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'doubtful' electrons whose grain number could be ascer.
tained is showm in Figure 1%. It clearly has a relat-
ively lower intengity of tracks having grain numbers
between about 12 and 58 than the histogram for the
‘certain' electrons., This is not inconsistent with the
agsumption that the 'doubtful' and 'ceitain'-electrons
have the same energy spectrum, since electron tracks
with such grain numbers are less subject to difficult-
ies of interpretation than thoge with either larger orx
smaller grein numbers,

The exigtence of so many 'doubtful' tracks maekes
a detailed analysis of the line shapes shown in
Figures 11, 12, and 14 unjustified. Also, the discrete-
ness of the grain numbers introduces irrelcvant feat-
ures at low energies into the first and third of theee,
However the spectra can safely be resolvéd into four
main regions, and upper and lower limits for the
populations of these regions can be given. The regionf
are shown by shading in Figure 14, and the populations
are given in Table IV, The approximate energy limits
were obtained by applying the mean-range ves energy
calibration of Zajac and Ross (1949). The absolute
intensities listed in this table will provide the
basis of the discussion of the next chapter.

The electron tracks of Group I include those
produced by L-Auger electrons. Therefore, in seeking

evidence of capcade de-excitation from electron-electron
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coincidences; all cages are excluded in which one
electron track belongs to Group I. This leaves 12
events having two 'certain' electron tracks, 18 events
having one ‘'certain' and one 'doubtful' track, and 30
events in which two tracks were 'doubtful', A dis-
cugsion of the details of these cascade events will be
given in § IV.7 , page 86.




CHAPTER IV

THE LEVEL SCHEME OF THE EXCITED STATES OF ACTINON

IV,1, Introduction.

The purpose of this chapter is the determination
of thoge oharacteriafics of the level scheme of An
that are implied by the data presented in §III.4.
This will be done according to the following general
procedure:

1, A set of assumptions will be made about the
level structure of An and the intensities and multi-
polarities of the transitions connecting the levels.

2 On the basis of this set of assumptions the
expected track frequencies of the regions of Table IV
will be computed.

%« These expected frequencies will be compared
with the observed frequencies, and the significance of
any deviations will be estimated with the X -test.

4s. If the expected and observed frequencies
are consistent within some previously chogen level of
aig;zi:ficenee+ no conclusion will be drawn from the
calenlation. However if there is a significant dis-
crepancy, the assumptions made in Step 1 will be re=-
jeeted.

+ A 1% level of significance will be used
throughout this chapter.
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5« In the latter event an alternative set of
assumptions will be made and Steps 1 to 4 repeated,
This will be continued until all assumptions incon-
sistent with the observations have been eliminated,

If more than one possible set of assumptions remains,
the obgservations of this experiment camnot decide be-
tween them, _

In trying to extract the maximum amount of infor-
mation from rather crude data of the sort presented in
Table 1V, considerations of statistical validity must
be uppermost in one's mind. This is the reason for
the uge of the indirect approach outlined above, If a
more direct caleulation of the trangition intensities
is attempted, the effects of the statistical fluctuat-
iong in the obgervations camnot be estimated with the
precision that the X -test affords in Step 3.

In Step 2 it is necessary to relate the assumed
transition intensities 40 the frequency of emisgion of
the internal conversion electrons. This requires a
knowledge of the internal conversion coefficients of
these transitions. These coefficients are taken from
the most recent caioulafiona of Rose et al, (1954).
The Zajac-Ross range-energy calibration is used to
attribute, according to its energy, each conversion
line to one of the regions of Table IV. Finally, one
must heve the fractional contributions to each region

mode by the individual conversion lines, 1.€. the
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relative intensities of these liness These are given
by the estimates made by Hahn and Meitner (1925) and
Surugue (1937) of the photographiec blackening of each
line, as recorded in their magnetic spectrographs,
normalized with Arnoult's (1939) curve of photozraphie
sensitivity vse. eleetron energy. This step is necess-
ary because the observations of the present work are

unable to resolve the individual conversion lines.

IV.2. The X '-Test of 'Goodness of Fit.'

In this section an outline is given of those
properties of the X -distribution that are necessary
for the caleculations to follow.

Congider g set of measurements performed on N
individuals drawn at random from some infinite popul-
ations It is assumed that these measurements can be
grouped intc k distinguishable classess Let T be
the number of measurements observed to fall into the
i*® olass (éi1ﬁ = N) + Purthermore, agsociated
it i oiasy e fi sReunsd S0 ba & DeobaktiiAs
Py» which is thé probability that a single measure-
ment falls into the 1i'® class (Li‘ fi= ') » Form the
guantity

« 2
2 (Vi. = Ni’i\
x J& ; N-Pt .

1f snother sample of the same size is drawn a new set
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W, are determined, and, in generel, these will
yield s different value of X~ . If this process is
repeated a large number of times, the population of
values of X' generated in this way will have approxi-
mately the following distribution® (Kendall, 1952):

st
F(x*) d(x*) =~|—:(—5;‘_.—)—?-1—~ (x?)° e dix).

Here k - 1 is called the number of degrees of freedom,

It is equal to the number of classes whose populations

can be varied independently. The Npi are referred to

as expectation values,

. The probability of en observed value of X’

éxoe eding -X,: is therefore
F(X:-) 7 jf(xl) d(xl) -
. xu:. -

X, is tamated as a:. function of F end k - 1 in the
Tables of Figher and Yates (1949).

| Now suppose that the py are unimown, but that a
possible set can be computed on the basis of some
hypothesis made about the populations It is desired
%o tést this hypothesis by compaxing‘the*valuea of Npy
|so computed with an observed set, W; « At the outset
a 'level of aigﬁificance', P, is chosen and the corres-
poﬁding x:&% iz obtained from the published tebles;
Then it is stated that the hypothesis will be rejected

+ This involves the further assumption that Hpi is
greater than about 5 for each i,

t




TABLE - ¥V

Internal Conversion doefficianta for 7 = 86
of Rose at al, (1954))

(from the results

Transition  Trensition
eney, polarity
(kev%y )

122 gg
L
144 'E%
3
hii
=
154 £
ik
268

Internal Converslion Coefficlents

0.163
i3
16.5

Shell of Conversion

Ly

0.0254

0.,0986

1.58
1.25
11

0.018
0.073
o2
5 8

0.0153
0.54
0.772
4,51

0:0436  0.00445

0.945
2.72

0.0156
0.158
0.561

L1z

0.0101
1.30
30.4
0.,114
1.20

0.0056
0.702
13

0.0739

Li1z
0.00928

e
2.29

0.0059
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if the observed Y exceeds X.(F) . From the
definition of X, (F) it follows that even if the hypo-
thesgis were true, there would be a probasbility F that
it would be rejected according to this criterion.

It must be emphasized that this metﬁod does not
ascribe a probability to the hypothesis. It merely .
states that the hypothesis is to be rejected if its
validity recquires that the observed measurements are
in the extreme F x 1004 of the distribution. Nox doeé
a X less than X.(F) constitute a proof of the hypo-
thegis, It indicates that the hypothesis fits the .
aveilable data; it does not eliminate the possibility
that there are other hypotheses that fit the data
equally well.

IV.3. The Internal Conversion Coefficients.

Tabvle V lists the internal conversion coefficients
of the principal trensitions oceurring during the re-
organization of excited An nuclel. They were taken
from the results of recent calculations of Rose et al.
(1954), in which the effect of screening is teken into
account using s Thomas-Fermi-Dirac central potential
in fhe Dirac equation, These calculations were per-
‘formed for z = 15 to 85 inclusive, (intervals of 10)
and for energies between 25.54 keV and 1021,58 keV
(intervals of 25.54 and 102,16 keV), The velues in
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Table V were obtained by logarithmic extrapolation to
Z = B6, and logarithmic interpolation to the listed
transition energies.

These coefficients, taken individuslly, do not
provide all the information about conversion probab-
ilities that is required in the ensuing caleulations,
The reason is fhat according to the seleetion rules
for nuclear transitions, magnetic dipole and electric
quadrupole transitions between the same two nuelear
states may oeccur with comparable intensity. The game
is true for magnetic quadrupole and electric octupole
transitions, ete, For these mixed transitions, the
obgerved conversion probabilities are given simply by
linear oombinatiéna of the probabilities appropriate
to the pure transitions, namely those obtained from
Table Ve It is noteworthy that no interference occurs
between the two competing processes, This is connect-
ed with the faet that the two radiation fields trans-
form according to different irreduecible representations
of the group of three-dimensional rotations (Casimir,
19%6)s It is of interest to note that such interfer-
ence effects are encountered in the sfudy of the angul-
ar correlations of successive nuclear radiations, In
this case, the fact that the intermediate nucleus is
polarized, and hence no longer invariant under the
group of spatial rotations, precludes the use of the
type of proof spplicable to the internal conversion

processs
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It is a simple matter to work out the correct
linear combination of "pure" coefficients. Iet g be
the fraction of the transitions that are electric

2n*l-pole, and (1 = g) the fraction that are magnetic
2%.pole. Purthermore, let oy , X,, , ete. be the
internal conversion coefficients appropriate to the
former, and By , p,, s etcs be those appropriate to
the latter., Then it follows that,

Probability per transition

of K-conversion =i

T 3 .iqu 1“;.1 s + ('—-3) 1+ 5; “fﬂL"f"'

Probability per transition

of I, -conversion Xty

S e (l317:g;3;—"
and analogous expressions apply to La- and La-converskm.
Conversion in the M and higher shells is sufficiently
rare compared to K- and L-conversion to justify its
omigsion in all the following calculationss

IVede The Magnetic Spectrum of the AeX Internal

Conversion Electrons.

Table VI summarizes the results pertaining to AeX
obtained in the magnetic spectrographic investigations
of Hahn and Meitmer (1925) and Surugue (1937)s It will
be noted that this tavle is not symmetrical with res-
peet to these two sets of resultss The reason is that
in thbse cases in which a conversion line was contribut-

ed to by several elements of the actinium series, Hahn




TARLE VI — Lasmetic Spectrum of Internal Conversion Electrons of the Aci Decay.

(1) (2) (3) (4) (5) (6) (7) (3) (9) (10)
1 o - - 8.02 %) o3 35 Rdhc, AcX L Auger
2 - - - 9.10 .07 .07 76 AcX L Auge
3 = 0 - 1775 12 12 76 Aox e
4 - - - 21,70 05 .05 «25 Ack o
5 23.7 20 92 23.71 1.5 1.5 6.9 RdAc 122 £
6 45.5 80 121 45,64 60 49 T4 RdAc, AcX 144 K
7 48.2 10 13 & = = ~ - ?

8 55.9 100 100 55.70 100 100 100 RdAc, AcX 154 K
9 - - - 59.20 07 07 .06 Rddc, AcX -

10 59.6 40 35 50.33 4.5 4.0 345 Rdic ?

Jal: - - - 62,89 b | e .24 Al K Auger

12 - - - 64.07 .08 .08 .0§ RdAe, scX K Auger

13 67.2 15 11 65.92 5 2 15 RdAc, AcX K Auger

14 - - - T6.30 05 .05 .03 AcX K Auger

15 - -~ - 78.49 .05 .05 .03 - K Auger

16 19. 10 6 81.04 4 4 a2 Rddc, AcX 179 K

17 81, 1o 6 84,54 o2 it W11 Rddc, doi 182 K

18 - - - 98,32 1.5 155 .78 AcZ ?

19 104.2 10 5 303.8 2 2 1.05 An 122 I

20 = = 2 10%.3 .05 .05 .03 in 122 Irg

21 112.9 10 -] - - - - - 211K

22 125.9 50 3 128.9 6 6 3.8 Rdhe 144 Iy

23 - - - 130.9 7 -1 .45 Rdlc 144 Lyy

2% - = S 1337 il a .06 AcX 144 LTI

25 136.1 50 33 134.3 8 8 5.4 Aok 154 L1 11

26 - - - 136.0 1 1 7y AcX 154 LIiI

27 138.7 25 17 139.1 07 .07 .05 AcX -

2 - - - 146.5 .05 .05 .04 AcX ?

29 147.2 15 11 149.2 i ¢ T o5 RdAc, Ack 154 1

30 151.3 15 11 151.% .6 .6 .44 - 154 N

31 - - - 1l61. .05 .05 .04 AcX 179 L

32 170.9 loo0 T7 169.8 20 20 15.5 RdAc, Aci 268 K

33 175.9 25 20 - - - - - ?

33 179.9 15 12 1B1.5 .8 = = AcX, An in

35 - - - 213.4 .05 .05 .05 AcX 7

36 223.0 30 25 223.6 2 2 1.7 Ac 322 X

37 236.9 30 26 230.2 .05 .05 . - 335 K

38 250.9 30 26 249.0 2.5 2.0 1.8 RdAc,Ack,An 268 L

39 = - - 26l.4 WA - - RdAe, AcX ?

40 - - - 304.1 o B P AcX 322 L

41 - = - 329.% .05 .05 .05 AcX ?

42 - - - 346 .05 .05 .05 AcX, 444 K

43 - - - 426 .05 .05 active dep,

.05 Ack 444 L

Column headings: (1), Line numver. (2), (3) and (4), energy (keV), relative blacken-
i and relative intensity in the AcX spectrum of Hahn and Lieitner, (5) and
(6), energy (keV) and relative blackening in Surugue spectrum. (7), blackening
attributable to AcX (see pege 63and discussion below). (8), relative inten-
sities for AcX. (9), Surugue's attrioution., (10), present interpretation
(AeX lines).

Note: The factor given by Arroult (1939) was used to convert the relative blacken-
inﬁs of columns (3% and (7) into the relative intensities of columns (4) and
8), respectively.

Lines 3,5,6,8,19,20,22,23,24. GSee discussion velow.

Line 10, Prom Frilley et al, (1954) it can be estimeted tlhat 4.0 of the
blackening 4.5 (Surugue) comes from AcX.

Line 38, From Hahn and Meitner it can be estimated that 2,0 of the
blackening 2.5 (Surugue) comes frow Acx.
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and Meitner gave the fractional contribution of each

the total blackening, TFor the more important of these
lines it is now possible, principally becauge of the
work of Frilley et al. (1954), to meke reasonzble
estimates of the AcX contributions to the blackening
obgsexrved by Surugues These egtimates, together with
Surungue's values for the total blackening are given

in Table VI, IListed there are all the lines attribut-
ed in whole or in part to the AeX disintegration, and
also a few lines to which Surugue hag given a differ-
ent attribution. The energies given in Table VI were
computed from the experimental values of Bp , using
the physical constants listed by Duliond and Cohen
(1951) and teking for the F line of ThB (the line used
in both 1nvestigations for calibration purposes) a By
value of 1388455 gauss-cm (Lindstrém, 1951). The

ponding to one of the regions of Table IV.

Table VII shows the total relative intensity of
each of the four groups according to the resulis of
Hahn and Meitner, Surugue; and the present work. The
agreement is seen to be very poor. The relaetive in-
tengities of the present work appear to fall somewhere
between the other two sets. For example, whereas the
Hahn and Meitmer intensities for groups III and IV are
roughly egual, Surugue;s make the former aboul 5.5

to the total blackening of the line., Surugue gave only

lines are divided into four energy groups, each corres-




times as great as the latter. The present observat-
ions indicate that the ratio is between 1.5:1 and 2:1,
Table VII illustrates the two most serious limitations
of the nuclear emulsion method as applied 40 AcX. On
the one hand, the measured absolute intensities can be
gpecified only within rather broad ranges due to the
large number of "doubtful" events. DBut even more
gerious is the disparity that exists between the relat.
ive intensities obgerved in the two magnetic spectro-
graphic investigations that have been performed, Con-
pared with these two uncertainties, the effects of the
statistical fluctuations of the figures in column 3 of
Table VII are of secondary importance, Hence little
would have been gained by increasing the size of the
sample studied.

TABLE VII

Total Relative Intensities of the Four Enexgy Groups

e
Group Haghn and Meiltner Survgue Pregent
To. (1925) (1937) Investigation
I 0 2649 246 = 945
II 13.4 243 4.7 = 10,5
III 4247 60.1 2642 = 3444

v 4349 107 135 = 2342
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Table VII makes 1t evident that the data of Hahn
and Heitner and Surugue ecannot be used to obtain the
relative intensities of two lines of very different
energiess The method of the present investigation
requires, however, only the relative intensities with-
in each of the four energy régiona. The disparities
then are less serious than those shown in Teble VII,
At each gtage of the calculations to follow, the effect
of the remaining disagreement between the availahle
relative intensity data will be explieitly stated,

IV.5. Discussion of the Transitions.

IV.5:1s The 144 keV transition.

Hahn and Meitner and Surugue agree that the cone-
version line at 45.6 keV arises partly from the Rdde
decay and partly from the AcX decay. The RdAc con-
tribution to Surugue's observed total blackening of
60 may be estimated as follows: The work of Frilley
et als (1954) shows, in agreement with Hghn and Meit-
ner, that in the conversion spectrum of pure RdAe
there exigts a line at 43 keV whoge intensity is 3 $he
thet of the RdAc contribution o the 45,6 keV line,
This 43 keV line produces a blackening of 10 on
Surugue's scales Hence it can be conecluded that
10 vy 10 & 11 of the 60 of the blackening of the

9
4546 keV line can be attributed to RdAe., If the

L1
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remaining 49 is due to the AcX disintegration, this
4546 keV line must be one of the strongest in the AeX
spectrum, This is the finding of Meitmer (1925), who
attributes it to the K-conversion of a sgtrong 144 keV
transitiont, However, Surugue estimates that any AeX
contribution to the total observed intensity is sbout
56 of the RdAc contribution. This implies that a
strong 45.6 keV conversion line ig associated with a
disintegration further down the serieg, a possibility
that eannot be ruled out by the results of the magnet=-
ic spectrograph work, If this were true a large number
of the 3= x~track gtars studied in the present investi
ation would have been associated with 45,6 keV electro

tracks, More precisely, if £ is the probability of
track ocourxing in Group III of the AcX spectrum,the
probability of a 45.6 keV electron track radiating
from a 3~ X-track gtar, computed on the basis of
Surugue's data (see column 8, Table VI) must be I%é £

Then for a random sample of 809 events,

expectation number of electron
tracks in Group III = 809 £,
expectation number of electron
tracks radiafing from the
3= X =track gtars = 809 x ITC)%f = 599 f.

+ The abgorption edges (in keV) of element 86 are
(Cauchois and Hulubei, 1947): K, 98+4; Ly, 18.04;
Lo 170355 Dypps 14693 Mgy 44463 Hpp, 2,155
MIII’ 3.53; MIV’ 3*00; Mv-’ 2-89Q
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At least 212 tracks were found %o be in group III. A
study of the 809 3-ot-track stars showed that, at
most, 79 had tracks whose grain number was between 10
and 30, These should have included all the 45.6 keV
electron tracks, and tracks due to several other con-
version lines of An and the active deposit as well.
Henee 79 must certainly be an upper limit to the num-
ber of 45.6 keV electron tracks associated with the
809 3-W-track stars. To tegt the significance of the
disagreement between the observed and expectation

numbers, one forms

Z
(observed i expeetation) Yy 2

number number _(soaf-22) (998 —9)
8oA§ 599§ ]

z

X =

expectation number

If £ 4s taken %o be 0,22, X 2 27, its minimum value
with respect to £, In this case ( 2 degrees of free-
dom) this indicates that the disparity between Ohservah
and expectation numbers is of enormous significance
(Fisher and Yates, 1949). If the relative intensities
of Hahn and Meitner had been used the disparity would
have been still greater, Hence the hypofhesis that
#24ths of the observed blackening of the 45,6 keV con-
version line is due to the disintegration of An or an
element Purther down the series must be rejected, and
its attrivution to AcX by Meitner (1925) is confirmed.

Meitner's assignment of this line %o K-conversion of g




68w,

144 keV transition is supported by the observation of
an intense ¥ ~ray of this energy (Frilley, 1940; see
Table II, page 13), and by Hahn's and Meitner's obser-
vation of relatively strong lines at energies approp-
riate for Ly and My conversion of this transitionm,

The energy tabulated by Surugue for this Ly line
appears %o be about 4 keV too high.

IV.5,2, The 154 keV transition,

Surugue attributes a strong line at 55.7 keV to
the disintegrations of RdAc and AcX, Hahn and Meitner
[£ind the AcX component, but not the RdAc one., Frilley
et al, (1954) find no 55,7 keV line in the RdAc spect-
rum, Hence the full intensity of the 55.7 keV line car
be attributed to AcX. The presence of strong conversic
lines at the correct energies for Ly, Ly, and NM-con-
version of a 154 keV transition confirms the 154 K
attribution of the 55,7 keV line made by both Meitmer
(1925) and Surugue. Finally, Frilley (1940) observes
s strong 155 keV 'Y -raye«

IV.5.3 The 268 keV transition.

Surugue attributes a line at 169,8 keV to RdAe
(274 K) and to AcX (268 K)s As in the case of the 154
keV transition, Héhn and Meitner observe only the AeX
component. The RdAc investigations of Frilley et ala .
(1954) that have been published to date do not extend
above 61.5 keV, and so give no information pertaining

m
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to this line. The feebleness of the 274 keV L-conver-
sion line (intensity <.05) suggests that, in analogy
with the 154 keV transition, ell the blackening at
169.8 keV should be attributed to AcX. A strong line
is obsexved by both Hehn and Meitner and Surugue at
the energy appropriate for 268 keV Li-conversion, and
Frilley (1940) observes a strong 3I-ray at 270 keV and
its second order line at 134 keV (not listed in Table
II)s There can be little doubt that intenée transit-
iong of 154 and 268 keV occur during the re-orgenizat-
ion of the excited states of An, :

IV.5+4« The 122 keV transition,
Both Hahn and HMeitner and Surugue find a moderate:

ly strong line at 23,7 keV. Hahn and Meitner attributs

it to the AcX decay, while Surugue attributes it to
RdAc. Prilley et al. (1954) say it is not a RdAc line
The spectrum of Figure 14, page 52, shows an appreci-
able intensity in the band 20-27 keV and supports the
attribution of the 23.7 keV line to AcXs In Figure 20
the shorter electron track associsted with the separat;
ed & =~track belongs to this line, It is proposed
that this 1iné be assigned to K-convergion of a tran-
sition of 122 keV., In support of this agsignment
Frilley (1940) finds a 73Y¥-ray of 123 keV from AcX

and its derivatives, PMurther, there is a line in the
AcX spectrum of Hahn and Meitner at 1042 keV and two
lines in Surugue's spectrum at 1038 and 104,37 keV,

T
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Surugue's attribution of these lines %o An is not
confirmed by Bennett (193%8) (see page 12)., It is
probable that these 104 keV lines are due t0 I
conversion of the 122 keV transitions However,
further work is required to make this assignment as
definite as those of the conversion lines of the 154
and 268 keV transitions,

There is a further diffieulty in the low energy
region., A very strong line (17.75 keV) oecurs in ‘the
gpectrum of Surugue which he attributes to AcX., There
is no vigible counterpart in the apparently amply sen-
gitive recordings of Hahn and Meitner. This line is
Idisregarded in the following discussion,

i?.&. . The Modified Asaro ILevel Schemes

'IV¢6al. General considerations.

. The full lines of Fiéure 15 represent the levels
of the An nucleus as revealed by the X -particle fine
stmeture investigation of Asaro (1953) (see Table I,
page T)s It cen be seen that of the four transitions
discugsed in §IV.5, only the one of 144 keV can be

and VI provide strdng evidence that transitions of 122,
154 and 268 keV also teke place during the de-exeitabiq
of the excited states of An,

Purthermore, it can easily be showm that there
must almost certainly exist a level below that exeited

reconciled with this schemes Yet the data of Tables II

pXL
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by the swiftest o -particles, To see this, assume
that the Asaro scheme is complete and consider the
268 keV transitions It must arise above the 9% level
gince the latter is only 211 keV above the Asaro ground
levelsy But in this case its maximum intensity (per |
digintegration) is 2%, Hence, for 809 disintegrations
the expectation value for the number of 268 keV tren-
sitions is less than asbout 02 x 809 = 16+ Henece the
total expectation number of 268 keV K- and Legonversions
is less than gbout 16« Now Hahn's snd NMeitner's total
relative intensity for group IV is %00, while their
combined 268 keV K- and Le-conversion intengities
amount to 103 (see Table VI)s Then the hypothesis of
a 2% transition intensity for the 268 keV transition
requires, on the data of Hahn end Meitner, an expect-
ation value for gréup IV of less than Eg% x 16 = 47
tracks. The number computed on the basis of Surugue's
data is even smaller., But at least 109 tracks were
obsexrved in group IV, If the expectation value were
really 47 tracks, the actual numbers observed would .
heve sn approximately normal distribution™ with mean
equal to 47 and standard deviation equal %o 11?1é Te
Hence the observed 109 tracks would be a deviation _
from the mean of approximately 9 standard deviations.
Since the probability of so great a deviation is

+ This method of estimating the significance of the

obgerved discrepancy is equivalent to the use of
a X*-test with one degree of freedom.
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infinitesimally small, it can be concluded that the
hypothesis of a 2% intensity for the 268 keV tran-
gition is disproveds Hence, there must exist a level
below the lowest level found by Asaro,

The difficulties raised in the preceding two
paragraphs can be avoided in a very simple fashion
by postulating that the true ground level of An lies
122 keV below the level indicated by the swiftest (e
particles observed by Asaro (dashed lines in Figure 15).
It then becomes immediately possible to accommodate
the 122, 154 and 268 keV transitions, as well as tran-
sitions of 335 and 444 keV for which there is also
definite evidence (see Table VI)s As far as numeriecal
energy values are concerned, therefore, this modified
Asaro scheme can be reconciled with the principel
features of the internel conversion and JY-spectras
It must now be decided whether this remains true when
the absolute intensities of the transitions are taken
into accounts

It may be noted that Rosenblum (1952) found evid-
ence of a weak AcX C=line which leads t0o a level
lying within 10 keV of the energy proposed here for '
the ground state (see Table I)s However, since Rosen-
blum has not published any experimental detalls it is
impossible to estimate the veliability of this finding,
In its principal features his scheme is identical with
the Asaro scheme, except that the Asaro level spacings
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provide_a better £it with the observed transition
energies. For this reason the discussion will be con-
fined to the Asaro scheme, although all the conelugions

to be drawn apply to the Rogsenblum scheme as well,

IV.6.2, The multipole oxders of the 144 and
154 keV transitions,

Before the intensities of these trangitions can
be computed from the observed conversion intensities,
conglderation must be given to their multipole orders.
This is necessitated by the strong dependence of the
internal conversion coefficients on these multipole
orders (see Table V).

It will first be shown that the 144 keV {ransition
placed ag in Figure 15, cannot be eleetric dipoles For
if it were, its K-conversgion coefficient would be 0,216
end its Ly + Lyp + b coefficient would be 0,0295«
Then if w is the fraction of disintegrations accom-
panied by the 144 keV transition, and if conversion in
the M and higher shells is ignoxred,

fraction of disintegrations accompanied

‘0,216 \D
1 4+ 0,216 + 0.,0295

by 144 K-conversion =

fraction of disintegrations accompanied

by 144 L-conversion 1 + 0,216 + 0,0295 i

According to the relative intensities of Hahn and
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Neitner, group III has an intensity 232 times that of
the 144 K-conversion line, and group IV has an inten-
sity 202 times the sum of the intensities of the 144
L-conversion lines, Hence, for 809 disintegrations,

expectation number of tracks in

group ITI = 809 x§ x PHR2 w = 3w,
expectation number of tracks in

group IV = 809 x %gg p:4 %f%%%iu’a 185 w ;
expectation number of tracks in
neither group III nei group IV = 809 - (338 + 185y

An upper limit of w = 0,36 is set by the position
of the 144 keV transition in the modified Asaro level

gchemes The numbers of tracks observed in groups III

and IV were at least 212 and 109, vespectively, Theres

fore the minimum velue of X is

'x" _ (@n2- 122 )% £ (mq—(n)" A (2024109 — 122~ 61)1__
= 122 61 809- 122 - 61

120 .

(2 degrees of freedom)
A value of X* as large as this represents en irrecon-
eilable contradiction between observed values and those
predicted on the hypothesis that the 144 keV transition
is eleetric dipole, This contradiction would have béen
gtill greater if the wvelative intensities given by -
Surugue had been used., Therefore, this hypothesis

must be rejected.

K
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Now congider the possibility that the 144 keV
transition 1s mixed electric quadrupole - magnetice
dipoles Iet g be the fraction of the transitions that
are electric quadrupoles Then, using the results of
§IV.3, the fraction of 144 keV transitions that are

accompanied by K-conversion is

o %
3% +(l‘3)l’m

l-‘-q'. "'qlq S ane l"'pl‘-*pl—. §onen

Using the data of Table V and ignoring M- N- etes
conversion, this becomes 0,728 - 0.598g. In a similar
way, the fraction of 144 keV transitions aeeom@anied
by L-conversion is ca;culated to equal 04137 + 0+43478¢
Let w be the fraction of disintegrations in which the
144 keV trangition occurs. Erom Table VI it is seen
that Surugue's data imply thet group III has H%-Lﬁ
times the intensity of the 144 K-conversion line, and
group IV has i: x times the sum of the intensities
of the 144 L-couversion lines. From thig it follows
that |
probability of a track occurring

in group Iil = W ‘]‘-zgi':laa' (0,728 - 0-5985} s

probability of a track oceurring
in group IV = w é%f%% (0137 + 0,3478) .

Multiplying by the number of events studied, i.e. 809,
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expectation number of tracks

in group III = w (1427 - 1172g),

expectation number of tracks

in group IV = w (819 + 2076g) ,

expectation number of tracks in

neither group III nor group IV = 809 -m[2246 -+ 90413] s

These ¢an now be compared with the observed group
populations (Table IV), and the ranges of g and W
determined for which X is less than any specified
value, According to the tables of Fisher and Yates
(1949), the valueof X" for two degrees of freedom which
is exceeded with a probability of 1% is 9,21, Numeriecd
al caleulation shows that X* = 9,21 need not be exceed-
ed if g in the gbove expectation wvalues lieg between
zero and 0,3, but is exceeded otherwise, In fact in
order to obtain & X" as low as 9.21 with w= 0,3, it

is necessary to assume that group IV containg all the
ungllocated eleotrons end all the group IV 'doubtful’
eleectrons, whereas group III contains only its 'cer-
tain' electrons, This resulits in populations for
groups III and IV of 212 and 210, respectivelys Such
an allocation is indeed unrealistic, yet it cannot be
rigorously discounted on the basis of Table IV, In
any case it mey be said that, with the relative in-
tensities of Surugue, and at the 1% level of signifi-

cance, the fractional contribution of electric
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quadrupole transitions is between zero and 0,3, If
the date of Hahn and Meitner ere used the upper limit
comes down fto 0.2,

Proceeding in the same way, one can investigate
the implications of the assumption that the 144 keV
trengition is mixed electriec octupole and magnetic
guadrupole, Using Surugue'’s data an upper limit of
0405 can be set to the octupole contribution, still
at the 1% level of gignificance, As before, the lower
limit is zeros If the data of Hahn end Meitner are
used, there is no mixture of these two muliipolarities
that can be reconciled with the observed 1ntensities;

Higher multipolarities for the 144 keV tran- |
gition are ruled out on both sets of intengity datas

Summariging, one can say that if the modified
|Asaro scheme is correct, the data of Hahn and Meitner,
together with'the observations of the present work,
require the 144 keV transition to be pure magnetic
dipole, or magnetic dipole with an electric quadrupole
contribution of less than 20%s Surugue's date admif
electric quadrupole contributions up to 304, and also
leave open the possibility that this transition is
megnetic quadrupole plus e smell amount of eleetric
aétupele (less than 5%).

It is now possible to deduce some of the prdpert—
ies of the 154 keV transition. If My'and M eve
the K-conversion coefficients of the 144 and 154 keV
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transitions, respectively, then by definition
robability of 154 keV Y-emission
probaﬁiii% of 144 keV vy-emission

_ Drobability of 154 keV K-conversion , At s
= probability of 144 keV K-conversion = Mu'%*

The first ratio on the right-hand side is given by the
megnetic spectrograph work; the second depends upou
the polarities of the transitions, If the 154 keV
tronsition is assumed to be electric dipole,

;é?; 0.163. From the previous work, the minimum

acceptable value of M’y is obbained if the tren-
sition is regarded as 30% electric quadrupole plus 70%
magnetic dipole., This yields ;Lt?'= 2461, and re-
gquires the use of Surugue's relative intensities.

Then,

probability of 154 keV JY-emission 3 100 . 2«61 _
probability of 144 keV J-emission ~ 4 - 0,163 ~ 2116

If the relative intensities of Habn and Meitner are
used, the minimum value of M) at the 1% level of
gignificance is 3.28 (20% eleectrie guadrupole plus 80%
maegnetic dipole). On their data,

robability of 1 keV ¥ -emigasion § 100 28 .
s 11:'.‘%7'15'4_0 RV yenieoion © ToT * §higs - 6.

Reference to Table II, page 13, shows that Frilley

Y

(1940) observed a ratio of 2:1 for the intensities of
these two 7v-rays. Although his intensities are only

approximate, the disparity between this ratio and those
computed on the agsumption that the 154 keV transition




W19

is eleetric dipole is definitely significant, Hence,
this assumption hag been disproved,

Now consider the possibility that the 154 keV
transition is a mixture of b parts electric guadrupole
and (1 - h)parts magnetic dipole, Then if,

144 eV K-conversion intensgity

K = 9§54 TeV K—conversion intensity
= 144 keV L-conversion intensity

154 eV L-conversion intengity
a straighiforward caeleulation yields,

JXA—gmK) 4 (vya -9nK)
Jlme—pXA) ¢ ($ok -myar)

h'.':'.

2

where g is, as before, the electric quadrupole
fractional contribution o the 144 keV transition, and

i prau st s
— — o - e —
o= ‘+qk 4‘\’.:'"' I+I5""'-np.:"’ J 5 I+ti.:_5"+q._‘s" |+P:‘54+Pcsu
L] 154
j e Pre - e BK—
T T > = e B
(x.-mll B::“‘- o("" ﬂll's'll
{5
TSR At g g ) S T e e
B p"
n= L > L o >

i+ B.:'l'i + ﬁ.:w 4 pls‘.‘_ F:Sq

the ol's and p's having the same meaning as in
§IVe3. Substituting values for these coefficients
given in Teble V one obtains

h glo-248 < + 0082A | + [0.0983K - 0.0988 Al

o9k — 0-KIA] + [o.0136 K — o.205A]
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According to Surugue's relative intensities (see
Table VI), K= w4t and A= Fe8L,  also the
permissible range of g is zero %o 0,3, From thig it
follows that h, the electric quadrupole fractional
contribution to the 154 keV transition, is between zero
and 0,34+ The Hahn and Meitner datas give K = %%% .

X %, 0 ¢ g < 0.2, and this results in a range
for h of 0,08 t0 0,32, This transition can also be red

garded as magnetic quadrupole plus a few per cent of
electric quadrupole without contradicting the observed
absolute intensities at the 1# level of significance.

IV.643, The transition probabilities: test of

the mdﬁified Asero scheme,

The same calculation that detérmined the ranges
of multipole mixtures for the 144 and 154 keV tran-
sitions yields the conclusias about their gbsolute
intensities that are summarized in Table VIII.

TABLE VIII
Absolute Intensity Ranges at 1% Level of Significance

Relative
Intens%ties 144 keV 154 keV
0

Surugue 12.5% to 24% 18% %o 34%
(1937)

Hehn and 12.,5% to 22% 12% to 20%
Meitner
(1925)
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The higher intensities are associated with almost
pure magnetic dipole transitions. This may appear
strange since, for these energies, magnetic dipole
K-conversion coefficients are more than ten times as
large as those for electrie quadrupole transitions,
Hence, for the observed number of K;conversion electrors

it might be expected that the agsumption of predomin-

ant eleetric quadrupole polarity would imply the larger
number of transitions, However, whereas the magnetic
dipole K/I intensity ratiolis about 5, the eleof;ic quad-
rupole intensity ratio is less than 0.25. Therefore
if one assumes a large electriec gquadrupole contribut-
ion, one must have a lower transition intensity to
prevent the expeotation'nnmhar of tracks in group IV
(which contains the tracks of the L-electrons) from be.
coming excessives It turns out that this factor is

more important than the difference in K-conversion
coefficients when it comes to determining the multi-
pole mixtures consistent with the largest number of
transitions, i
These results are sufficient to demonstrate the
inadequacy of the modified Asaro scheme (Figure 15).
For, consider the level 154 keV above the ground state,
Its primary excitation is 53%, and therefore the sum
of the intensities of the transitions de-exciting this
level must be 53% or greater. According to the modif-
ied Asaro scheme this de-excitation can follow two
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alternative modes: (1), a cascade between transitions
of 32 keV and 122 keV, or (2), a transition of 154
keV direet to the ground state. Now there is no evid-
ence, whether in conversion or emission, for the
exlstence of a 32 keV transitions 4And Table VIII
shows that the intensity of the 154 keV transition is
almogt certainly less than 34%. Henece the modified
Asaro scheme fails to provide sufficient de-excitation
of this levels

Morecover, congider the balance between the ine
tensities of execitation and de-execitation of the level
122 keV above the ground states Adding to its primary
exeitation intensity of 11% the minimum feed by the
144 keV transition (see Table VIiI), one conecludes that
the intensity of the 122 keV transition must be at
least 23.5%s An upper limit to the observed 122 keV
K-conversion intengity can easgily be estimated, since
the range-energy relation of Zgjac and Ross (1949) makes
it.almbst certain that group II contains g8ll the trae
produced by 122 keV K-conversion electrons, The total
of 85 'gertain' and 'doubtful' electrons in this group
represents 10.5% of the events studied. However, the
true piobahility of 122 keV K-conversion could be as
high as 13.6%+withﬂut implying a difference between
observed and expectation values that is significant
at the 1% levels If the unlikely sssumption is made
that all the unallocated electrons belong to group IIW

Bol P — €5 Ay
+ p = 0.1%6 is a solution of J[wartm . e
See Fisher and Yates (1949), page 6.
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this maximum K-conversion intensity is raised 40 16.6%,
|Frilley's work on the y-radiation (see Table II) shows
that tﬁe 122 keV transition is weaker in emigsion than
the 144 keV transition; the results of the magnetio
spectrographic investigations (see Table VI) show that
this is also true of their L-conversion intensitiess
These considerations lead to the conclusion thet the
122 keV transition intensity is definitely ﬁot greater
than 20%, and is probably a good deal lower than this
figures This provides enother instance in which the
modified Asaro scheme cannot be reconciled with the
obgserved absolute intensities,

A method of avoiding both the foregoing contra-
dictions and yet preserving the agreement between K=
particle level spacings and transition energies is
suggested by tﬁe presence, in the Hahn and Heitnex
conversion spectrum, of a 48.2 keV line, If this is

regarded as the K~-conversion of a weak 147 keV transit-
ion connecting the 268 and 122 keV levels, an even
better agreement of energies is obtalned; viz.

4842 + 23T + 3844= 170.3 rather than 45.6 + 23«7
+ 98.4 = l.6T.7+. The stronz 144 keV transition can
then be used to de-excite the 154 keV level according
to one of the modes shom in Figure 16. Either scheme
is consistent with the absolute intensity measurements
of this work, provided that almost all the 'doubtful’
electrons of medium and high energy do belong to the

+ These should be compared with the observed
energy of 170.9 keV (Hahn and Meitner) or 169.8 eV

(Surugue).
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AcX internal conversion spectrum, that the relative
intensities given by Surugue are correct, and that
both the 144 and 154 keV transitions are predominantly
magnetic dipole,s These conditions must be satisfied
if the 144 and 154 keV transitions are to suffice for
the de-excitation of the 154 keV levels The 268 keV
transgition is now the only strong transition de-exeit-
ing the 268 keV level, and its intensity is sufficient
for this provided that this level ig not fed from
higher levels {0 any great extent,

The maximum intensities of the %35 and 322 keV
trangitions in K-conversion are each about 2%, and
there are also K-«conversion intensities of not greater
than 1% dr each of the transitions of 179, 182 and 211
keV. There is also a small intensity of 444 keV con-
version. These intensities appear asdequate for the
de-excitation of the 3%5 and 444 keV levels and should
not disturb the balance already discussed for the low-
er levels.

The level schemes of Figure 16 are thus capable of
explaining the o=, J~, and conversion electron
spectra of AcX, There appears to be but one other
simple way of fitting these data into s single scheme,
and that is focssume thet the 144, 154 and 268 keV
trangitions are all electric dipole, In fact if any
one of these transitions is electric dipole, a proof

gimilar to that given on page 78 and based on the
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near-equality of their ‘x-may.intensitiea gshows that |
they must all be eleetric dipole, Horeover the abzole
ute conversion intensities observed in the present
work would then wequire their transition intensities
t0 be go large that they must oceur in a cascade not
originating higher thaen the level of 53%% primémy
excitations This would lead one to expect a large
nunber of events with which the conversion electrons
of at leapt two of these transitions were associgteds
On the other hend, coincidences between the conversion
electrons of these transitions are irreconeileble with
the level schemes of Figure 16+ It will be seen in the
next section that the 'double' events observed in the
present work definitely indicate that these transitiong
do not occur in cageade, and hence the trangitions
cannot be electric dipole,

0f course, the above discussion of the various
level schemes does not exhsust all possibilities. _It
is suggested, however, that the schemes of Figure 16
account for all the available information pexrteining
to the AcX decay in the simplest possible fashion o If
one tries to f£it any other scheme to this data, one is
forced to postulate a large number of levels for which

there is as yet no direct evidence.
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IVeTe The Cascade Bvidence,

The low resolution of the nuclear emulsion as a
tool of electron spectrometiry imposes espeeially
severe limitations on an attempt %o extract information
from those events in which two electron tracks are
aaqociate& with a single AcX ot-track. Here it is
necessary to attribute an energy to each of the tracks
studied, whereas the previous work dealt only with the
gpectrum of a large number of tracks., HMoreover the
possibilities for confusion are increased by the
presence of the second electron track, and hence these
tdouble' events are the most difficult ones to inter-
pret,

The discusgion of the cascade evidence is confin-
ed to those cases in which at least one of the
electrons is 'certain', There are seven or eight ex-
amples in the cascades of the occurrence of electron
tracks having 14 to 18 grains, or an energy of about
35 keV. That g convergion line of this energy is
pregent in the AcX speotrﬁm is suggested by slight
bulges in the smoothed curves of Figures I11 and 12
however the work of §III.3 ghows thatlauch bulges may
be spurious. Some canfirmation of its existence is
algo found in Surugueis (1937) speetrum, for there he
has a line at 33,92 keV (not shown in Table VI) which

appears too strong to be entirely accounted for as LIII
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conversion of the 50 keV transition following the RdAe
decay (Frilley et ale., 1954). This line may be assigni

ed either to L-conversion of a 52 keV transition, for
B

which there 1s 7 -ray evidence™, or to K-conversion
of a 132 keV transition, in which ease the 7 -ray
would be obscured by the second order spectrum of the
268 keV line., It is eignificant that this 35 keV
conversion line should be much more prominent in the
cagcade events then in the total conversion spectrum,

The detailed information provided by the electrond

electron coincidences includes the following:

(a) Conversion of 268 keV with an electron of about

| 35 keV: 2 cases,

(b) Conversion of 144 or 147 or 62 keV with an
electron of about 35 keV: 4 cases,

(e) Conversion of 144 or 147 or 62 keV with conversion
of 122 keV: 5 cases.

(d) Conversion of 144 or 147 or 154 keV with cone
version of 179 or 182 keV: 5 to 7 cases,

(¢) There are 5 or 6 events which could be K-conver-
giong followed by K-Auger electrons.

If the 144, 154, and 268 keV transitions occurred
in céacaﬁe, as discussed at the end of §IV.6.3, one
would have expected about 20 144-~154 keV coincidences,
5 144~268 keV coincidences, and 5 154-2068 keV

+ Prilley (1940) has attributed to the RdiAe spectrum
a strong ¥ -ray of this energy.
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coincidencess The fact that these were not observed
eongtitutes convineing evidence against this scheme,
Other then this, the 'double' events provide little
confirmation of the scheme illustrated in Figure 16.
A high-rvesolution coincidence experiment would be of
great value in this connection, but the difficulties
mentioned above prevent the muelear emulsion tech-
nique from furnishing any decisive information.

IViBa Intensity of K-~Fluorescences

It is of interest %o assess the total intensity
of K-X-radiation exzcited by the decay of AcX. The
absolute conversion intensities observed in the
present work, coupled with the relative intensities
listed in Table VI, make it appear that the total
intensity of K-shell ionization lies between 30 and
55 ionizationg per 100 disintegrationses Since the
decay scheme of Figure 16 requires almost all the
doubtful electrons to be ineluded in order to obtain
sufficient intengity in the transitions, it is prob-
able that the ionization intensity is nearer %o the
higher figure, The number of K-Auger electrons seen
in the electron-electron coincidence events is 5 or 6,
considering only those coineidences in which at least
one of the two electrons is ‘certain', The total num-
ber of K-Auger electrons may be nearer to 10 out of
the 809 events studieds This indicates a fluorescence
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yield of about 98 X 14 and a K-fluorescence between
30 and 55 quanta per 100 disintegrationss This is
certainly an gbnormally high intensity and ig entirely
gongistent with Frilley's (1940) stetement that the
E-fluorescence of element 86 is ten times that of any

other element in the actinium series,

IV.9. Implications of the Proposed Level Scheme of
Aetinon.

IVe9elsa The total disintegration energy of AcX.

The existence of the true ground level of An 122
keV below the level excited by the swiftest AcX O ==
particles helps to explain an anomaly pointed out by
Peather (1953) in his study of last neutron binding

energies. Feather considers the following two seguencep
of disintegrations:

(%5)=(%5) = (5) = (156) = (5% )= (8)

(3) - (at)e== (=i pe()

13! )_) 231)=} 221 )_, 221 )=} 213)£_§ 2.19

(h) - he= (s Je{ 5 Je=(ad
The principle of the congervation of energy requires

that the sum of the disintegration energies of the
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ﬁirst.sequence minusg the corresponding sum for the
second should egual the difference between the last
neutron binding energies of elements (232) and (233 .
In faet, by performing this caleculation and using a
value of 5.82 HeV for the disintegration energy of AeX
Fgg , TPeather found that the difference between the
obsexved binding energles was 230 ¥ 80 keV too small.
But the AcX disintegration energy proposed in the pres.

ent work (Pigure 16) is 5.962 MeV, Using this value

in Feather's calculation brings the discrepancy down
to 88 ¥ 80 keV, which can hardly be considered signi-
ficant in view of the large number of-disintegrétion
energies involved in the calculation. Although this
does not constitute a proof of the proposed An level
gcheme, it is satiafactbry that this scheme, deduced
from completely different considerations, is able o
restore the balance between disintegration and neutron
binding energies.

A somewhat similar situation arises in the study
of the systematics of O-decay in the heavy radio-
aetive nueleis By plotting total X-disintegration
energy Vs. mass number, Perlman, Glorso and Seaho;g
(1950) have shown that the points representing thé =
isotopes of each element may be joined by a moderately
straight line. This plot reveals that a 5.82 MeV dis=
integration energy for AcX violates the general trend,
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whereas +the present value of 5,962 eV is congistent
with a smooth variation of energy with mess number,
Peather (1952) has plotted o¢-disintegration energy
against proton number and has been able to drew fairly
|smooth curves comnecting the points corresponding to
congtant values of the isotopic number, A - 22, Here
again, the higher disintegration energy proposed in
the present work reduces an observed discrepancy at AdK,

It has therefore been shown that the decay of AeX
does not provide an exception to thé general trends
exhibited by heavy ®™-active nueleéi, The discrepan-
eies reported up to the present are due instead to a
peculiar type of forbiddenness that causes the direct
execitation of the ground state of An to be so weak
that it has not hitherto been detected.

Recent results of o= and Y-gpectroscopy have
revealed other even-odd ol-emitters governed by this
forbiddenness. Asaro (1953) haé found three ol-groups
|in the decay Cm§i3 ——°‘=——$Puggg'having energies of
5.985 MeV (6%), 5,777 MeV (81%) and 5.732 MeV (13%).
From a study of the associated 7VY-radiation he infers
the existence of two states of Pus?” below, by 18 and
67 keV respectively, the state excited by the most
energetic Ol=-particles. Noreover, ihternal conversi
data lead to the conclusion that the transitions of
277 and 228 keV connecting the level of 8l1% primany

+ Except for the unpublished result of Rosenblum (1952)
quoted by Seaborg. -
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excitation to these two levels, are both magnetic

dipoles, This is in very siriking analogy with the
scheme of Figure 16b, where the transitions of 154 and
144 keV, which also conneet the level of highest prim-
ary exeitation to levels having little or none at all,
are both predominantly magnetic dipole. Purther ex-
amples of this behaviou; are afforded by the -decay

of Pug

29 and, among the odd-even nuclei, by the (=
decay of Amggl. There is at present no adequate
theory capable of explaining why the ground-state-to-
ground-state X-transitions arxe so strongly hindered

for this class of nuclei.

IV.9.2s Conmparison with the predictions of nuclear

models,

The nucleus of an atom, like its system of extra-
nuelear electrons, is composed of particles governed
by the exclusion prineiple. In analogy with the atom-
ic case, one can congider each nucleon to be moving
independently in an average nuclear binding field., In
this way it becomes possible to speak of quantum
gtates of individual nucleons. Then by studying the
ordering of the levels for a single nucleon and by
applying the restriction that no two identical part-
icles can occupy the same state, one can hope to

understand some of the periodicities exhibited by
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known nuclear speciess. In the abgence of a compre-
hensive theory of nuclear forces, it is necessary to
meke some assumptions about the average binding field.
The most successful have been those prOpOséd independ-
ently by leyer (1949) and Haxel, Jensen and Suess
(1949)s Beginning with an harmonic oseillator potent-
iel and then postulating a spin-orbit coupling which
reduces the energies of those terms in which j = L+ %,
these authors are able to account for the observed
‘magic numbers' in a very striking way. This ig the
*independent-particle' model, From it one gets the
'single-particle" model.by assuming that an even num-
ber of nucleons of the same type in a level of given J
always produce a resultant spin and megnetic moment
of zero, Thus for an odd-mass nucleus, the observed
gpin end magnetic moment will be that of the gingle
odd particle. Here again, the theory has had much
greater success than the wvalidity of its agsumptions
'would appear to justify.

Yet in the absence of more preceise ealeuletions,
emﬁirical evidence has made it necessary to introduce
further rules that can only be congidered arbitrary
at the present time, For example, it hags been found
that for neutron numbers sbove 60, the odd neutron has
e tendency to occupy states of low angular momentum,
This sometimes results in premature occupation of an .
g state, as in cdiél. Also, the so-called pairing
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energy is required t0 explain the faet that high spins
are not reslized in the ground states of nuelei, This

refers to a tendency for double occupation of a level

of high spin, leaving the odd nucleon in a lower level
(esge Aags). Furthermore, in order to explain the ob-|
gerved spin of &g417 (Goldhaber end Sunyar, 1951) one |
must assume that three nucleons in the &9 /2 level give
rise to a total angular momentum of /8 .

In the case of Anssg, these speeial rules allow

so much freedom that a critieasl test of the gchemes of

E

Figure 16 is impossible, An%%g has seven neutrons outs
side the closed shell of 126 neutrons, and according
to the single-particle model its levels will be those
of the o6dd neutron, The first three levels outside
this closed shell (in order of increasing energy)
should be (Klinkenberg, 1952): 6gq /2 (10 neutrons),
Ty /2 (12 neutrons), 5d5 /o (6 neutrons)s Then appli-
cation of each of the special rules mentioned at the

end of the last paragraph would give:
| 1s Since the odd nucleon has & tendeney to
oceupy a level of low angular momentum, it will go
into the'5d5/2 level, Hence the ground state spin is

%50

2, 8ince the pairing energy favours the double

occupation of levels of high anguler momenium, one or
'more pairs out of the geven available neutrons wiil g0
into the 7111/2 level, leaving the odd neutron in the
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6g9/2 level, Hence the ground state spin is 9/2.

5s Three of the neutrons in the 6g9/2 level will
‘combine to yield a total spin of 7/2. Hence the ground
state spin is 7/2. |

Proceeding similarly, it is possible to provide a
nunber of shell model explanations for the level
gchemes of Figure 16 which can account for the pre-
dominance of magnetic dipole transitions aend, in a
erude way, the relative intensities of.these tragngit-
ions, But a oritical test égigpplicahility of this
imodel must awalt further developments in the theory
that will ensble its predictions to be more specific.

The ghell model theory of thenucleus, as outlined
above, 1s based on the analogy between atomiec and
nuelear gystemss There is,; however, tae characteriste
ic difference thet the atomic electrons move in what
is essentially an external, fixed Coulomb field, whewe

as the nuclear field is produced by the particles them
|selves. Hence the field will not be congtant, Its
variations are found (A. Bohr, 1951, 1953) to be
asgociated with collective oscillations of the system
as a whole. [The motion of the individual particle is
affected by the collective osecillations, and the
behaviour df the entire system is governed by the
interaction between these two types of motion., Bohr

has shown that a consistent treatment of such a
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|dynamicel system reveals & type of stationary state
which is implied by the degree of freedom associated
with the colleective oscilllations. They are called
\rotational states because of the similarity of their
gpectrum to that of g rotating rigid body.

The assumptions made in Bohr's theory are realiz-
ed only when large nuclear deformations ecan oceur,
iees in regions far removed from closed shells., For
the heaviesgt nuclei, the well-developed rotstional
spectra can only be expected for mass numbers greater
than 225, Hevertheless it is interesting to see the
extent to which Angég cen be deseribed in these terms,

Whenevexr a certain level ig populated by Ool-
decay, 80 are its rotational execitations, althoﬁgh
with smaller probability (Bohr, 1954), Noreover, for
odd mass number nuclei the energies of.these gtates
will be given by,

Bpot = §%2- {I(I+l) = Io(Tp4+l)) + W

where W and I, are the energy and spin, respectively,
of the lowest state of the rotational band, I is the
'spin of the rotational excitation (I = Iy, Iy+l,
I,42y eses) and J may be termed the effective moment
of inertis of the sysbem, TFor the 154 keV level (see
Figuré 16) the first rotational.exoitaiion might be
the 268 or the 3%5 keV levels; the level spacings are
guch as to eliminste the possibility of their being
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firet and second execltations, respectivelys Whichever
level is the first rotational excitation should be
connegted with the 154 keV level by a rether strong
transition. Agcording Yo the proposed level schemes,
however, the prineipal de-excitations of the 268 and
335 keV levels are provided by transitions diveet %o
the ground state., Nor is it eagy to discern the
rotational execitations of the 122 keV level, although
these may be too weak to be observed. The 444 keV
level may be & rotational excitation of the 268 keV
levél, but it is certainly impossible to reach a
decision on the basgis of the available matexials

It seems, therefore, that the main features of
the level schemes proposed in Pigure 16 cannot readily
be understood in teyms of rotational exeitationss
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Iv.10, CONCLUSIONS,

It has been esteblished that strong transitions
having energies of 144, 154, and 268 keV, arnd probably
a fourth of 122 eV, are associated with the re-organ-
ization of the actinon nucleus following the X-decay
of actinium X, These transitions have & predominantly
magnetic dipole character. Their existence guarantees
that the ground level of actinon lies at least 122 keV
below the level excited by the swiftest o(-particles
whoge attribution to the aetinium X QQGay is certain,
This explains the anomalous position}of actinium X
with respeet to Ol-decay systematics, and a discrep-
ancy in neutron binding energies observed by Feather
(1953)s Two alternative nuclear level schemes are
proposed for actinon. ZEither can be reconciled with
the gomewhat vague predictions that are possible on
the basis of shell model theory., However, the main
features of these schemes are not readily understood
in terms of the collective model of the nucleus.

The abgolute intensity of K X-ray fluorescence
emitted by the actinon atom is at least 0.7 and
probably 0.5 gquanta per disintegration. The fluores-
cence yield is 98 % 1%,
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Appendixz I,

The Effect of Observational Errors on the Range
Distribution of Particle Tracks.

In §2.2 it is pointed out that the population of
measured track lengths will differ from that of true
track lengths becauge of the nature of the nuclear
emulsion methods An approximate expression is derived
there for the observed gtandard deviation in terms of
the true one and the errors of measurement. An attempt

will now be made to derive the entire observed distrib-

ution,.

It is assumed that:

l. The track lengths | have a aistrivution §(0)
which vanighes strongly at { =0.

2¢ The directions of the tracks are distributed
isotropically in space and independently of L

%3, The meaguvements ¢ of the horizontal project-

ions of tracks having true horizontal projections

x are distributed according to a funetion OL (£ )L

4+ The measurements » of the vertical projections
of tracks having true vertical projections y are
distributed according to a function (7).

5. The distributions of (§= %)y (9 =y) and { are
independent of each other.
From Pigure 3, page 30, it can be seen that

assumption 2 reguires that the angles © between the
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tracks end the horizontel plane are distributed accord

ing to the funetion cos 9. Then the joint distribution

of 0 and @ is given by P(l, 8) = 2£(0l) cos 8,
Now consider & large number of tracks all having

the same values of [ gand @, Since § and Y are dis-

tributed independently according to the functions

t?i s; ) and t{3?“(3'7) respectively, their joint distribution

is X(§) B (p) and the probebility, Fo(A) dA,

tos @ lSlﬂ

that A—%‘ (J;H 2" £ »\+"% may be written

e Esmp

Feo dA =.-J Jg’u) B(») [_lhﬁﬁ?) df dy (A.1)

| da

U(a)m 1 whenever A—"—;-' LA A+
(A,2)

= 0 Por all other a.

To get the complete distribution of A all that is re-
quired is an integration over € and @:

w L.
iy j EEG(") P(e,0) d¢ de =J [E 0 s 0 atao o
Q_:n =0 =s P=p
or substituting (1) into (3),
F(A) dA = fm) Mo 4e (Aed)
. A, dA '
where
M@ = [ | oo g UG wse dodsdy . g
A,dA B=0 -0 9:=0 -
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Equations (4) and (5) are the formal solution to
the problems The distribution F(A)AN of measured
lengths A 1ig related by en integral transform to the
distribution £( L )al of true lengths { , the
kernel of thise 'bra.nsfbrm being M(“ o

To evaluate M{fa), it is necegsary to find an
analytical expression for the discontimmous function

US) « The Fourier integral theorem makes it
possible to write it as,

0 @ a K) . |
[1]‘&3)55'-] IUL}‘) dedw . iy

Beecause of the pro‘per‘tie"of LL&':‘) listed in (2),
the integral of (6) becomes

for infinitesimal dA
Then from (5) and (8) '

°T 0T iy -A)
dpds ded
() = g _‘ 5 ﬁe t%g(}.){%ﬂg'}) cos® dnds
Add w=-0 P=o f-o n=o

(A49)

0
Lw (d —K )
Y - & [ e de 4w, i
wo-gpp KA~ "‘z—f
and performing the integration with respeet to K ,
5 b wJﬁ ‘l
(wa —fwk M= wa  _jwy Y {w
e = e d
(3 ‘-'-'——IE. e dw =L |e Ze { w
I[JAI} ) znm:-m { i = A J_: z“w=_w 2t }
”l‘w(a-’a\) i m;w(d a)
=1L e 2t uo_...i)dw__)_ __Je dw
u}:) mw=...., n( :.1\:”: e (A.B)

w
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10 proceed, one must make some specific sgsumpt-
ions ebout oo and B , the functions that deseribe
the distribution of the measured values of the pro-
Jjections about their true values« It would not be

unreasonable™ to regard them as Gaussian funetions,

(;-Emse)l

2

foffied]
AR e

(]
2h*

) 2
Bln) =—. e—-;—';;(q—-ﬁsme)

2sine Vaw'v 3
Then equation (3) beconmes
o0 % 2o <« X
dA (W(_‘lx‘-q-ql - A)—‘i'li:‘_(t— ECOSB)I
MIE) = &
A,dx (2'1') vw:~m O=0 §=0 7o L €si %
3 ——Ez(l," Sll'la)
e cosedydido dw,
(As11
This cannot easily be integrated as it standss How-
(wJ§y? w [ [%eose + Csin6
ever, expanding e about ¢ in a
Taylor series,
o0 o \ r . U""}_"J-IF
iw {Tage (2-Leos®) (9-tsing)’ P :
e = ) r! s! 2 an’ .
=0 S$=o r 37 I’:

integrating with respeet to § and % term by term,

uwous variables, which they are not (due to the
linited fineness with which the seales cen be
read).

(A,10)

+ BExcept thet this assumes that § and 7 are contin-

=l cos0
Esine o
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and making use of the iutegral"’

} tos @ dedw

o (059 —
=" h e Lyt B
I=-w when n s even
equation (11) becomes
: o &
dA j-.-w,\g S = e (Eea)s o at
== fe
MA:‘(\Q) 1“:0:-—00 B:zo {% ; @-r)!
(2s-1)(25-3)---- 1 _2s a“"*‘) ei"’dk‘ﬂ‘lheme
(2s)! - 252 ay** 1= €sm o
(A,12)
o '_IE . r———1
— LA e 2(r4s) e‘“’ et
WAt e B
A da Wr-op =0 rsolis-a 1 N=Esuio

cos © de dw .

;"'*"e""’ R (Ae13)
Now 2% 217 will be of the form
. afr+s) fw W ( % ) % £
(iw) e E}r’” 1) . where B, ., (§,9)is a function of
the deritvatives of (% -,“ - Then
a(r+s) _(w £ 492 . Urss) (ol .
a)kz?a'r_s e }__lmsa = (l..u-') e‘.u [13r 15( E‘-OSB, Es'n 9) b 7

1=Esc.0

(As14)

+ Rigorously, of course, § and » should be integrat-

- ed from O to © gince negative measurements are
not possibles However integrating them from - o0
10 + » effects an enormous simplification of the
formulaes This approximation is good if hh and v
are small compared to Lcos 8 and (Lsin @ res-
peetively., The final Fformula will be applied to
g situation in which Lig of the order of 25, h
is 042 and v is 045, and so the conditions w:f.ll
be met except for very shallow and very steep
tracks.
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Substituting (14) in (13),

e x
o % n- 15 tw (0-2)  2(r+s)
A : B(Ecose Esine)wse de
(1) = 5 S - Je :
Mn : ;; et 9o
(4,15)
Letting
T
j B(’f:ose,ﬁs.-‘nt?) coso do = l;rlli;) (A.16)

this becomes

2(r+s) ool f -
5) gw(L 3)13 (€) T

by s 7
M(a) i~ Iﬁ"Z Z s"z'*" - () < ar,1s

l,d by S=o

(4.17)

To get the observed distribution F(A) it is now
necessary to substitute this expression for M‘(})_

into equation (4) :
5 2(res) . 0
I gty b () 4(€) dwdt

‘—-—\a

@ f=q

1

F(x) = ZZ_r's PR

=0 S$<o

But according to the Fourier Integral Theorem™,

= tw(e-A)
. ] je b (O HO dudl = b (IHA)

W
(A418)

w=—00 f=0

+ Since £(L) 4is 0 for ne%ative ¢ it is a matter
of indifference whether t is integrated from
0 to ® or from - «©to o0 ,




~105=

and hy suceessive differentiation with respect to A,

2{r+s) tw(€-
L ] S(w)“)e' L b (O HO dedw =
vile (0 42+ {b (M 5
ir,1s

d A"-‘ r+s)

2 d“"*‘) {_b (») }(A)}

25
Hence F(») '-Z Z rig! z"‘"’ c]f‘"s’ (1,19

Y=o $%5=0

where the b, (») are defined in eguations (16) and
(14),
The first few differentiastions and integrations

of (14) end (16) may be easily carried out. They give,

x',]

2 £

SRR 1Y < CRPLL R TR
2 4 £0O)
v -;a_g.;‘”_%%%{a i]

(4,20

+ #+B 2 8 = 2 5w

Figure A.l shows how F(A ) and £( A ) are related
when £( A ) is a Gaussian funetion of mean = 25 and
gtandard deviation = 1, a situation that might be
encountered in the study of the tracks of a homogene=
oug group of o-particles, The vglues taken for h and
v are those chosen on page 19, namely h = 0.2, v = 0.5
The series (20) converges rapidly in this case, only
the first three terms being of importance. It is ine
teresting to note that although individual track
lengths may be seriously affected by the observational
errors, their effeet upon the shape of the distributior

| curve of measured lengths is not vexy great.

3
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Appendix II.

The Relationship Between —‘-;% and 1_ .

dE
dR

Inagine that a large number of particles of

energy E all move a distance dR. Because of the

statistical nature of the energy loss, all the part- .

icles will not lose the same amount of energy. Iet
the fraction of them whose loss is between §E and
SE: + d(SE) be £(S5B)A(SE). Then if R(E) is the
mean total range of particles of initial energy E,
R(®) = dr + [£(s8) R(e- 38) A(3€)
- ar + [sEO{RO) - £ £, GO RO _ .3 a(se)

2 JE‘
= 4R + R [e0)atee) — 4B [se fsrd(ee) +3; ddﬁﬂj(ae)
(A.21)
But because of the definition of £(SE)A(SE)
[$0) d(se) =1
fae §(5€) d (3E) = SE
f(&E)Lf(SE)d(SE) = Lﬁf)z > ete. (Ae22)
Substituting (2) in (1),
—_ dR() (&) 4@
R(E) = dR + R(E) — BE ‘;E e Jdg‘e)_ .....
3E JR( |, v B ATR(E) _
o=l SRR A E T AR dE2
7 —
L (el furgiDges ] (Ae23)
JE ~ IFE 2! 4R dE

 (36)d(5€) .
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| Now dR(E)

is defined as Lim R(E+dE) — R(E) « But
JE~>D dE

the _diﬁ’erence between R(E + dE) and R(E) is simply
the mean distance AR moved by the particles in losing

an amount of energy dEs Hence ‘l;:m is equal to
FTAEN
dE

The quantity ——g—l—i- -ig essentially the stopping

4R
dE ) _
upon the amount of straggling in the energy losses and

upon the non-linearity of R(E)s
To estimate (SE) one can use & calculation

arR |
similar to that of equations (21) = (23):

BT IR G
dE 4R 2! JE* 4R

(A.24)

dR g3 ’
The derivatives of "fffsrequired in (24) ean be ealculat:
ed from the observed fact that the standard deviation
of the ranges of a mono-energetic group 0of electrons
is roughly proportional to the mean range. That is,

\IW = c¢R

(R-R)* =R -RF =%
_f.?z. — (|-|- c‘)ﬁz )
%;_Ei = z(_nc‘)I—l %?_-_ / (4.25)
d* aftierii= &K
= Z(HC)[(‘_:‘%)-{-R:E .al

E‘l.

powers Equation (23) shows that the difference between
and the reciprocal of the stopping power depends

R3(e) = (dRY +24R _[ffﬁf)ﬁ(E— SE)d(3E) + IJ(SE)T‘(E—&) d (3E
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Substituting (25) in (24)

(se)* (14 ™) 22 fé ol g
-_-_-JR = ZR 1) = ey
“+
(1 +c {( ) + R __.}

(As26)

and substituting for %% %%_ in (26) the expression
given by (23),

._..l_.ggla—— — . ZECI 4 pee®
dR (1+<») (48Y -~ (&.27)

Then (23) becomes

= . = 4R
é& o ' | + ¢ d£2 Hroer
dET T 1+c? ( (4,28)
drR
The correction term in (28) involves R(E) and its

derivatives. These are as yet unknown. However, as a
first approximation they can be caleulated by neglect-
ing the difference between 4 and | :R . Then the

correction term caleulated on this basis can be sub-

stituted into (28) %o give a better estimate of 4‘% |
and so forth. For the experimentally determined value
of ¢, 0.2, this iteration procedure converges so0 rapid-

ly that only the first correction need be applieds The

result of this caleoulation is shown in Figure 7, page
46 «
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