University of Richmond

UR Scholarship Repository

Master's Theses Student Research

1965

An account of measurements of the mean range of
Polonium-210 alpha particles in liquid water

Clyde Eugene Moss Jr.

Follow this and additional works at: http://scholarship.richmond.edu/masters-theses
& Part of the Physics Commons

Recommended Citation

Moss, Clyde Eugene Jr., "An account of measurements of the mean range of Polonium-210 alpha particles in liquid water" (1965).
Master’s Theses. Paper 788.

This Thesis is brought to you for free and open access by the Student Research at UR Scholarship Repository. It has been accepted for inclusion in
Master's Theses by an authorized administrator of UR Scholarship Repository. For more information, please contact

scholarshiprepository@richmond.edu.


http://scholarship.richmond.edu?utm_source=scholarship.richmond.edu%2Fmasters-theses%2F788&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarship.richmond.edu/masters-theses?utm_source=scholarship.richmond.edu%2Fmasters-theses%2F788&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarship.richmond.edu/student-research?utm_source=scholarship.richmond.edu%2Fmasters-theses%2F788&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarship.richmond.edu/masters-theses?utm_source=scholarship.richmond.edu%2Fmasters-theses%2F788&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=scholarship.richmond.edu%2Fmasters-theses%2F788&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarship.richmond.edu/masters-theses/788?utm_source=scholarship.richmond.edu%2Fmasters-theses%2F788&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarshiprepository@richmond.edu

AN ACCOUNT OF MEASURELENTS OF THE
KEAN RANGE OF POLONIUM~210 ALPHA PARTICLES
IN LIQUID WATER

by

CLYDE EUGERE MOS85, JR.

A thosis submitted to the Faculty of the
Unlveraity of Richmond Iin partlial fulfllle
ment of the requirenments for the degree
of Haster of Science.

Departmnﬁ ol Physics

. Richmond, Virginia

1965
LIBRARY

UNIVERSITY OF RICHMOMD
VIRGINIA



ABSTRACT

A comprehensive account of seven previcus
measurements of the mean range of Poloniun~21G alpha
particles in ligquid water is pragented. Suggestions
for obtaining wore accurate range measurements are
made. The imporitence of the mean range value toA

radloblology is mentioned,
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V. Introduction

‘ In recent weors thore has been g growing interest
in Polonium®l0 (Po?10) aince it is found in many substancesl=s,
?9216, discoverad in 1898 by the furles, 1s a naturslly occur=
fing radioactive substance which erdlts monoenergstic alpha
particless It i1s only nabtural thaﬁ a8 number of Iinvestigators
have determined the range of this isotope in a»madium a8
bas*c to cellular atracture as liquid water.

Alpha psriicles ars &uuolyw*anineé helium atoms
which ara emitted by certain radiosctive vuclels As alpha
‘particles go through nmotier they interset with the bound
electrons of the matter loaing energy mainly by exeitation
and lonization of the atoms, These particles underge meny
inzsraaﬁiana and grsdually lose energy aas they traverse the
medium until they cannot produce further excltation and loni-
zation, and then they coms to rest. The average distance
tha-paxtisiaa'ﬁrévél'is known ag their mesn vange.

- If the number of alpha perticles arriving at a
certain distance from the source is plotted as a functlon
of the distance, the curve in Flg. 1 1s obtailned., XU the
particles had exactly the same range, then the curve would

drop vertlonlly at the distance equal %o the range. However,



NUMBER OF ALPHA PARTICLES

DISTANCE : Ro Re Rm

Figure 1 Relationships of different ranges
to the number-distance curve.



the distance travelled by Individual alpha particles veries
because of their random interactions and collisicns with the
a%amﬁ of the wedium, Thisg veriastion, called straggling, pre~
vents tho. curve in Mg, 1 from dropplug verticallys There-
'fera, 8 mean range Ry 18 inﬁrodgaed and is‘éafinad ag that
diStahﬂe at whlch one~half of tha’alphakpaftioiwa have boen
stopped. This range is feuﬁa by d?oyping 8 ﬁertiaal line
from the polnt of inflectlion and nobing where it crosses the
distence axiss The extrapolated range and the maxiaﬁm.ranga
aré also Qfﬁén'ﬁbﬁtioned in the literatu?a.: The axtrapoia»
tod ranga 18 obﬁainﬂd by dvawing the t&ﬂgent 0 the curve
at its inflecitlon point and nobing where the taﬁgem@ line
crosses thﬁv&iaéaﬁce axis, while tho moximun renge is the
grentest disbance from the source that any alphe partiole
can %ravalt |

Ascurate sssessments of tho ranges of alpha particles
in different medla are necegsary in the formulation of botter
steppiﬁg powsr theory. Stopplng pﬁwer'ia defined ss the
amount of &ﬁﬁrgy loat by a8 charged particle per unid path
longth as 1t passes through o mediume Also; it is importent
fo speéify4just thra'the'cﬁd of éha raNge 6ccurs since the
astopping poder, or linear energy btransfer (LET), is quite
high near the end of the range. This means that radiologl-

eal action depends on the distonce that the alpha partiocle



hag travelled in a medium, and this dependence ls, then,

another reason why accurate range values are needed. In

comnection with energy loss, H. G Be&&rvalhee writess
3ince living blological tissucs are com=

resed to n large extent of weter, then the |

range of alphe porticles in thls wediunm is

of fundamental lmportance in the gquantltae

tive interpretation of the biologlcal achtion

of donsely lonlzing radistions, particularly

with reference Lo tha mirboer of primary lonie-

sations produced per micron of path, and in

- bhs dat@rﬁﬁnaticn of the rote of encrgy dls-
glpation,™ .

‘Whén cre thinks af the weak penebrating power of
alpha,particles, capeble of belng stopped by a sheet of paper
or hy the dead i sue of o garsan‘a gltin, one way tend do
rule them cut s & bleleglcel nga&r&. If iz true that the
weal alpha perticles do not form an oxternal hazerd as do
gamma rays, bub they can cause serious dommge whan,rele&aed
from & redicactive.subsbance thab has been taken ineside the
ruman body. It is of interest, blolegically spesking, to know
hew far ceriain raciocactive particles will penetrate in
llquids, especially ligquid water, since bissue contalng a
high proporiion of wabter, The diameter of a typical cell is
sbout 40 microns, which iz close to the rerge of Po210 plpha
perticles in ilquid waber. It can be shown thet in liquid
wator the range values for slphe porticles are within 1% of

the ranges in tissue cells?,



xﬁ.fallawing up . these blologicsl aspects Re F
ZErkleg has pointed out that tho study of cell irradiation
by blologlsts is herpered by three factorsg: ihe mean
pencbration into any cell lg very A&iffionlt to estinmnte
bécaase'mﬁﬁt'aells conbaln ligquld water, and aacﬁrate range
mﬁaaur&m@nts-in this substance are nob easily done; the
irdividual particles in a‘mnnaonnrgatic beean straggle; and
the LET veries grestly near the ends of the partlele tracks,

One of the reasons that Po2i0 4p used in superie
mants concerned with the &etavmin&tion of the range of slpha
parﬁicl&s 1o because it is practically 53 eV manaanergaﬁic.
This 18 e trait greatly desirved 1n range work pginco it olimi~
nateos %hﬁ'pfﬂblem ef determining which ensrgy level gives
what range. Thig reason, coupled with the facta th@t Fo2l0
hes o falrly long half 1ife and la roadily available, wmakes 1t
a8 nabtural cholcoe for experimental work, | ,

Polonium?lO s the irmedlate dlsintegration product
of Biemtn?l0, The ?ﬁlcnium‘isotapa emite alpha particles
virtually all of whleh have 5.36§h~ﬁev9 of evergy. It forms
its &aughxer,'ﬁbzﬁé, & such a rabe thab the lead content of
o fresily prepuared ?0210 savple inereases about ,05% a day.
Pbeaé is a stable isatopa'of lead and is the ultimete product
of the Upsnium-Radium femily, Po2l0 has an atomie number of
8k, and its alpha particles emerge from the mucleus with an



inttial velocity of 1.6 x 109 om per seconds Its disintegra=-
tion constant 1is &.95 x lﬁﬁzqaayé*lf which'yieiﬁs & value of
140 days for the half life. PFigure 2 glves ﬁhe decay dlagram
for Po2l0, |
The purpoae’af this éaééﬁnﬁ’ialté'réviéw oritie
cally the literature vhich deals with the mean renge of Po2l0

glipha particles in liqniﬁ water, A comprehensive revisw of

ampﬁasis was pleced on the uncertslnties arising in the |

individuel messurements.

AAAAAAA



Figure 2. Ener%X level dlagram for the
~decay of Po<10 to pp206,
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VI, Range Analysis

A Intﬁc&gcﬁqry Remarks
| 1. History |

The experimental measurements afltha mean range
of Po2l0 piphe particles in liquid water ars few in nunber
and varled In sgreenment, as Teble 1 illustreates. There
have been only seven reported values for this range in a
period of fifty yesrs, It is noted that the value for the
mean range has tended to increase with bime.

The first investigator of this range was W.
%iehliﬁ, who used wires coated with Po2l0 placed in cone
tact with photographic plates surrounded by liquid water.

He developed a method which led to & value in liquid water
of 32 mderonsg. Hichl was the first to show that alpha
particles have a definite range in liqulds.

Thirty-five years later R. K, Appleyardll=lZ gonw
ducted GXperimeﬁts on the stopping power of liquid water using
Po210 from which he caleulated a value for the mean range.
These studles were made with the aid of & thin-window CGelger
counter which was uged to measure the effective thickness of
2 Pofl0 gource dispersed in water and hydrochloric acid.

In 1950 Decérva1h913, using emlaion techniques,

found the range to be 39 microns. In this experiment
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Tabie 1. The reportaé mean renge in liquid
water for Polll alpm particles.s

Hﬁan Range

Author . Date | " {microns
¥ichl . 19h 32
Appleyard 1949 33,2
Detarvalho 1950 | 39

Wi 1kina 1951 38
DeCarvelho & 1952 38,1
Yagoda

Aniansson 195k, 39.88
Paluer & 1959 R 7

Simons




speclally prepared radiocolloidal aggregates of polonium
sulfate serving as micropolint sources wore suspended in
water which wes in direct conbact with the emulsions

Je I Wilkins in 1951 wrote an umpublished report
for the British government {AERE G/R-066l) on the woiature
factor in muclear emulsions in whach.he condluded. that. &nnlau
yerd's value of 33.2 microns was in error. His revised cal-
culations showed & mwean renge of 38 microns for Po210 alpha
varticles in liquid wraber. |

DeCarvalhe and Yagodaé in 1952 wrote a very interéstu
ing peper on the yanges of alpha particles in water, ice, and
heovy waters Thelr mwethod wes similar to DeCarvallio¥s 1950
effort in which radfocolloids and emmlsions were used. _

‘The mext report came from G. Anisnssonili, who deve-
loped an entirely new approach for measurements of alpha parile
cle ronge in ligquids. His mebhod consisted of plasing a liguid
between a flat plece of calelum bungstate erystal and a flat .
steel piston surface on which the source was deposited. A
scintlllation detector wes placed In contect with the cryatal,
and a renge value of 39.88 microns was determined for liquid
water. Anisnsson published s latef paper15 whiuh»strengthena
his elaims for the sccurascy estimsted for his first detefu‘
mination,

The mest recent measurewent of the mean range of



5.3 ¥eV alpha particles in liquld waber was performed by
Palmer anﬁ»Simonslé in 1959; Thelr work, based upon emil-
sion techniques, gave the highast valﬁe vot reported for
this range, L6 microns.

There are two other methods for determining the
mean renge velue of Pofl0 alpha particles in iliquid water
besldes dirsct measurement, One of these methods lnvolves
evaluating Bethe's st@pﬁing power equation, and the .other
vields a range value from calculations basned on Braggls

-additive law for stopping powers.
2. Bethe'a Stopping Power Eguation

In 1930 Bethe, through & quantum mechanicel treabte
. ment, derived an equaﬁién.to account for energy losses in

collision processes., His original éxpreasion has been modi~
fied over the years, and the equation generslly gilven for the

stopplng powery -dE, is
- dx

dE| = I T7 olt 22 nfz{ln(amvz) e—ln(l ~-g§>»g§}- cl (1)
dx e L I - o? c2

where v 1s the velocity of the moving particle, m the mass of
the electron, e the electronic charge, z the number of unit

charges on the moving particle, I the average execitation




potential of the absarbar atoma, z the effective nuclear
charge of the mﬁaium'ﬁraversa&, H_t&ﬁ mnber of atoms per
cublc centimeter of the mediun, énd‘ck 8. correction term
that deponds on absorber material and spaed'alﬁhaugh it 1a
unirportent at high speedsi?,

However, in the case of Po2l0 alpha partlcles
pessing through natter the rate of energy loss 1ls given by

thé expreasion

-d? relt 22 1 |2 w2 | - £ ~ )
| (%)ﬂ g;:ﬂm:l& LR [Zln (M) , ck] (2)
- since the velativistic effect is negllgible at the valonity
of P0210 alpha particles. ‘

Tha atoyging murber B 1s used in def ining relative
stappiﬁg DOWOT . The defining equation fer B is
B :’Zln(.g¥g§) - , S . (3)

In principle éha expression for -dBE; the mean raté
' dx

of energy loss, can be used to evaluste the moan range of a
beam of alpha particles emitted with energy Ey by means of
Row (Tam AR

-dl | R ¢ 1%

o .ax S ""

However, mere innegraticn of equatian (h) does not

yield a preciae value for the mean ranga. Dosplte the cor=



rection terms in equation'(Z) 1t 18 still not valid at low

energles because of the capture and loss of bound electrons.
Hence, in order to cbtaih an accurate wean range velue it l1s
neéasséfy“to usge axperimental renge date for the low energy

portion of the integration, Then
. / Eo
Ro = Rog, * | Sglz%%u ’ (5)
; | e OX
1

where Ep ia the lovwest erepgy for which equation (1) is
valid, and RQEliia the known mean range of alphs particles
with encrgy Ej. |

| Calculations using Bethe's astopping power equation
have still another dlsadvantage when liquid media are involved,
for the stopping power equation has not been shown to hold for

molecular Eﬁéi&lan
3, Bragg's Additive Low for Stopping Powers

Thﬁré is 8till another way that might be used to
obtain a value for the range, and 1t comes from Bragpt's addie
tive law for stopplng powers. It was suggested by Braggl?
thet atomg of & medium act independently of each other as well
ag independentliy of biﬁding forces in the process of stopping
& charged particle. IHence, the energy lost by the charged
particle in the mediun can be considered as being the sum of

the losaes to the different speclies of atoms in the redium
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considered separately., This statement is known as Brapg's
law; end for wobter the low means that the stopping power of
g molecule of water is nearly equal to the sum of the stop=-
ping powvers of the component oxygen and hgéragen atons.

| The key word is "noarly™, since deviations could
arise20 from chemical binding, intermolecular interactions,
and palaﬁlzatien. @hsse threo factors seem ¢ be the
greatest contributors to davla fona from ldeality.

The wvalldity of this law has been tested by
Anianssanlg, who obtained good comparative results for the
gtopping power of bwenty-bwo hydrocarbons for Po2l0 alpha
particles, Deviations of sbout 1% have been reporteddl
for 340 HeV probtons travarsing’asveral hydrocarbon lliqulds.
It hes further been reported by Gray22 that deperbure from
the a&ditive law for stopping powers did not exceed 3% for
thirty-eight range measurements in fifteon gaseous compounds
of hydﬁogen, carbon, nibtrogen, and oxygen except in three
tanes. Gray seems to believe that for alpha particle energles
sbove 0,3 MeV deviations from Bragg's law should not exceed
243 however, his conclusion 1s for gageous compounds rather
than liquids.

A strong interest in Bragg's law has bsen to learn
whether the same matter in different thSés-&eélly has the
same stopping power per molecule regardless of phase, Alli-

son and Wapshewe3 appear t0 support the idea of squivalence




for stopping power per molecule of solid and gaseous phases
within experimentsl uncertainties¢ K However, there has been
meh &1sagreemen£ among experimaﬁzs,aa to whether water has
the seme sbopping power value for all phases, Earlier experi-
ments, those of Michl and Appleyard, seem to have indicated
that the stopping power per uwolecule of the ligquld phass wos
highor than that of the wvapour phases hm%aver;‘l&ter data by
DeGarvalho end Yagode®, E111s2lk, and Anianssonllt, definitely
indicate %hes@vphases sve close to being equivalent in torms
of stopping power, In fact the last th&ee suthors obtained
stopping power values which suggest thalb Braggls law is
valid for liquid water with an‘uneertainty of lesz than #57.
It now appeers that sbove 150 kov (This law is not valid at
lower energles,) the stopping power of liquid water can be
glven by Bragg's additive law with an uncertainty not exceeds
ing 3%, | | ‘

The mean range of a subptancs and iks molecular

stoppling power are related by the equation

1'0 d Ao vSav. : (6)

———
b o dQM

where r, and dg are the mean range in alr and the density of

air and » and 4 are the meen renge in the test substonce and
1tg dansityas. Ag 1s the average stomic weight of air, I is

the molecular weight of tho test substance and Sgy 1s the
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molecular stopping power, which in turn is defined as

Sav. =2, W81 U
Horc the Nj's refer Lo the ﬁ;mher of atoms of each type in one
molecule, and the Si's are the relative atomic stopping powers
of the elsments forming the test substance. A given 51 1s
defined as the retio of the stopping nuwber B of the glven
atomic speclies to that of éir.

At the prsseﬁt'time denartures f{rom Braggl!s law are

so gnaell, perhaps because of insccuracies in stopping power
deta, thet the measurements seem to imply that the binding of

an atom in a molecule has no effect on lts stopping power.
L. Integral and Differential Stopring Powers

In discugssing the stopping power of liquid water it >
1s necessary to ﬁiatinguiah‘behween differential end integral
stopping powers. In order to differentiate between these
torms the differential stopping power 1s denoted as s, while
the integral stopping power 1is designsted os S,

The differential stopping power of one nolecule of

water relative %o the average atom of alr is

5= O (8)

&

where 8y is the stbpping power of & water molecule at a partie-

cular particle energy, and sg 1s that of the atom of air at
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the same energys To debtermine s the thicimesses of alr and
water required to reduce the mean emergy of the alpha p&rtiab
cles from some initial energy Es to a final value Ej not much
smaller than E, are measured., These thicknesses sre expressed
as the number of atoms per unit arse in the case of air and
as the nunber of molecules per unit ares in the cise of waber.
The ratio of these two gquantities gives the mean differential
stopping power of waber. The defining equation is

(9)

The integral stopping power for alpha particles of
initiel energy Eq 18 the rotio of the renge in aly, expressed
as the number of atoms per unit aves, to the range in water,

expressed as the nurber of moleculea per unit srea, or

| j;ﬁnlgg
S o G»sa
Bo gp
J %

It should be clear that usually differences will sxist in the

{10)

values of these two quaniities.
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There have beon very few s measurements in water
since the range can be moasured more easily and expressed

in terms of 8. It is 8 that 1s needed to apply Bragg's law.

Since the methods that have been used to find the
mean range in liquid water of Po2l0 glpha particles have
been covered briefly, it 1s now possible Yo discuss criti-

celly the reported measurements of this range.

Bs Vork of Princlpal Invesbtigators
10 I{Zicm

The first experimenter to report g measurement of
the mean range of Po?l0 glpha particles in liquid water was
Wilhelm Michl in 191L. Ho undertook this work in order to
demonstrate conclusively that alpha particles in liguids
have a well defined range value, which fect, prior to 191l,
had not been proved. Since at that time no electrical method
was avallable to measure accurately the postulated distences
slpha particles would travel In liquids, Michl decided to
use phnctographic emulsions. |

His axperimentai get-up consisted of platinum
wires, each covered with a thin layer of polonium, resting
on photographic film which was immersed in the test liguid.

The mean range was determined from the contour of blackening
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that appeare& on the plate as a result of the sction of alphs
radiation.

 ﬂis'metho&, at least for liquld water, depended on
weasuring two variables and plotting them on graph paper.
These two vériablas were the radius of the platinum wire used
and the width of the blackened zone caused by alpha irradia-
tion of the film.: Appropriate extrapolation produced the
range value. |

In doing this experiment Michl used different
size platirmum wires, in fzct elight wires, whose oross=-
sectional dimenslions were debermined very carefully, On the
outside of ench wire was deposited o very thin layer of Po2lO,
He désignatea the widths of the blackened zones by the letter
¥ and the radii of the wlres as x., Plobtting corresponding
values of x and ¥ led to a curve like that shewn in Flg. 3.

Figure l. shows why o range value can be obbained
from this plot, Suppose o wire of diameter 2x were leid on
a photogrephic fllm In g conbainer of gouwe test liquid as
shown in Fig. ll. The variable y is found by using a micro-
scope, and R, the mean range in the liquid,.can be calculated,

It 4s seen from Fig. L that

ReVzx24y2 «x | (11)
which can be written as
y2 = B2 & 2Rx (12)
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which reduces to
T .= i} (13)

when v a Q. »

Howevor, i1t should be obviocus that the sbove umen-
tioned results are true only for the ideal case when the wire
does not sink into the film, when the liquid does not affect
the gelétin (1.6, does not produce a milky cloud), and when
the wire does not cut or scratch the £ilm and hence affect
the sensitivity. With each liqulid tested it was possible by
graphicel methods to ascertaln whether thegse factors ﬁére sig=
nificant and to what extent they affected the range reasure-
wont. These things could be done by using what Michl called
a "leading lipe,"

In order to understand better the "leading line"
concept, consider a parabola as shown in Fig., 5. The dis-
tances from the origin to P1, P2, and P3 are called dj, dz,
and a3, respectively, If these distances are lald off in a
direction parallel to the x-axlis sbtarting from the points
Pi1s P2, and P3 then a straight line can be drawn through thé
end points as shown in Fig. 6., Tis straight line is what
Michl called the "leading lime," It 1s, of course, the
directrixz of the parabola,

Since equation,(gs is parabolic in form, one would

expect in all ideal cases to obtein a stralght "leading line"




> X

> X

RO
Y Flgure 5 A parabola symmetric
\ with respect to the x-axis.
J g
LL .
n
1
, D _
© 3 o
© D2 /—0_-—5-
a . -
o —D| —o°
i -~
/
* q
5 /
{
RAQ\
TN

"leading line" LL.

., Flgure 6 Construction of the



as shown in Fig. 6. If such a 1line is not present, then devia-
tions fr%m{tﬁari&éal cese pust ha#e occurred. Any such devia-
tions must hé accounted for in the measurements of the y varli-
able, since the x vaiués, the arﬁas~se§tienal dimensions, &é
not changa. |

ot only does the "leading line eid in detscting
the presonce of deviations in the experiment, but its extra-
polatlion to the x-axis glves the mean.range £ the alpha
particles in the liquid. The reason for this fact is implicit
in equation (11).

Since waﬁér was bthe liquld thaﬁ gave Hichl the greate
est trouble, it is not surprising thaet the “"lesding 1line™ wes
not straight. Of course the incressed weight of the larger
wires caused depressions in the gelatin which imode the ¥ |
reasurements too large., This meant that the mean range value
in liquid water was basod on the assunpilon that at smaller
wire diameters the deviations were negligible. Figure 7 18 an
copy of the actual curves cbiained by Michl for liquid water.

¥ichl congidered many possible couses for veriations
in the range value such as the developing procedure, the ”
length of tiﬁe the £ilm wos exposed to alpha radiation, swal~l
ling of the gelatin, end solubility of Po2l0 in 1iquid water.
He was not able té eliminate entireiy errors arislng from these
causes but was able to minimize thems He did notice, however,
that the greatest source of error in his éange resulis, outside

of the sensitivity of the film, was his inability to determine
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ameters and tlackened zones using liouid water
as the test liquid. The curve T is Michl's
"leading-line." OA = 32 microns.



aéaurat&ly the end points of the alpha traéks, a difficulty
which still exista today, | '

&nnthar scurca of error in michl'a work could have
oxisted in his alpha source. It is en established fact that
early work with Paélﬂ'waa camplicatgé by the extremely small
guantitlies avallabls and sometines by incomplete separation
of r&ﬁiaéeﬁivé impurities, In fact 1t hes only been within
the lost fiftesn years that the chemistry of Po210 has been
placed on & scund basisaé ‘Thls could mean that 81210 ywith
an alpha group at l.Oly MeV could have been present in the
solution from which Michl made his source. The smaller
energy of the alpha particles from BL210 could account in
part for the fact that Michl's range vsolues are smeller than
those that have been obtaineé rocontly,

| Hlehlt's value of 32 microns for llguld weter 1s
about 17% less then the value calculated by Bragg's law,
The value ho debtermined {or the inbtegral stopping power was
1.83, Mlchl was the first to show definitely that alpha
particles have a well defined range 1n liquids; he devised
a photographic wethod for determining the mean range of alpha
perticles in liquids; and his mean range and stopping power
values for ligquids egree approxinmately with accepted theory.
However, it is generally assumed that the films aveilable in
Hichl's time were not of adequate response especlially when
swollen with 1iquid water for accurate evealuetion of the alphs

track neer the erd of its range: Therefore, his mean range



velue should probably be considered as an approximation only

of the true valus,
2« Apployard

It was not until Appleyerd made his measurenents on
the stopping power of liguid water that the range of Po2l0
alphe perticles wos determined agzein. This work by Appleyard
a1d not include & renge meesurewent, but 1t is mentioned here,
because he calculated ‘the mean renge using his stopping power
imﬂasuramanﬁ; His experiment was the first designed bto measure
the stopping power fop alpha partiélas in liquid water.

The unique method devised by Appleyord was based
upon evaluating the eflTectlve thickneas of an agueous solu-
tion of Pe2l0 in hydrochloric meid using a specially prepared
Gelger counter &s his detector, The variation in offective
thiclness of the source with the diaﬁance in air from the sur-
face of the liquld to the counter was used to messure the stope
ping power of the liquid. Appleyard was asble to determine a
differential stopping power walue of 1,71 for alpha particles
between li and § YoV, Uasing thi- stopping pover value, he deter=
mined the excitation potontinl I which appesrs in Bethels stop=
ping power equation, Using this value of I and the energy of
the alpha particles from Po2l0, Apvleyerd caleulated the mean

range valus ~ g dlstsnce he found to be 33;2 rilerons.
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3. DeCarvalho

The next investigator, H, G. Decafvalhg; reported
3G miceongt3 és & prelininsry eatimete for the range of
Po2l0 plpha particles in liquid woter, Thils weasurenment
@as made using nuclear enulsions that were sensitive only to
glphe partlcles whlen possessed energy'greater than 0.2 HeV,
DeCarvalho glves & corplete description of his systenm in a
1&%6? revort written with Yagode, which is digcussed in

detall later in thils account,
e #ilkins

-An Englishmen, J. J. Wilkins, was the fourth
investigator to arrive at g value for the mean range of
Fo2l0 alpha particles in liquid water. His report, done for
ﬁhe'AtQmic Energy Research Esteblishment in England, carriesd
the restrictlon "official use oﬁly," and, therefore, was not
availéble to the author for examination. Wiikins carried out
experimonts deeling with the effect of moisture content on
nuclear emulsions.

Other rapartslB-lh indicate that Willkins was able to
find experirental values for the stopping power of water-
loaded emmlsions and te compute the stopping power of weatbter
using Bragg's law as a basis for calculation, Wilkins dise

covered some marked Iinconsistencies when he attewpted to



compare these stopping power values with Appleyardfs result,
and he concluded thet Appleyardts valuea-ior the stopping
power &nd mean range were in error. Wilkins calculate& a
value of 38 microns as the mean renge of Po2l0 alpha perti-
cles in liquid waters “

5, DeCarvalho and Yagode

Irmlsion techniques were uged agein in the experi-
monts of H,. G. DeCarvalho and H, Yagoda.. Radiocolleidal
particles of polonium chloride, which were compatible with
the properties of the emulslon, were placed in contact with
the surface of the emulsion which was immorsed In distilled,
alr free water, The meaauramen& of the alpna partlcle tracks
emitted from the radiocolloids constlituted a determination
of the nmean renge In llquld water,.

An fonizing particle travelling through & rnuclear
emualsion lesves & track containing a number of developable
sllver browide grains.. Whether or not s trsck is left
depends on séverel factors such ag specific lonization,
development process, and background. .

I the spocific fonization is low, then the number
of graing that are developable (grain density) will be pro=
portional to the loss of energy, while for high speoeific

ionizatlion the grain density is constant becausse every grain



in the peth of the charged particle is developable. As far
g8 development is concerned, it 18 not difficult to distort.
the gelatin during ?raceséing or to ovebdevelcp ﬁhe outer
layer. This'ﬁavelopmﬂnt process is very senslitive to external
factorg such aa ﬁemperature, hnnﬁdity, and oxildlzing egents;
furthernmore, the phenomenon of fading of the latent imege can
cocur2?, Finally, the goneral background can "fog" the orml-
sion to such a degres that it‘may be difflicult to distinguish
a particular track. An exarple of sracks on an emilsion
plate is shown in Fig. 9.

In the work of Delarvalho and Yagoda there was @
minlmunm of fading and distortion, becouse bath.ths source
and ermlsion were kept in & refrigerator at a4 tempersture of
(S & 1)0¢, Furthermore, the development process was stovped
as éaon as the surlace sbrasion marks'becama visible, and this
certainly tended to minimlze any overdeveloping.

- Several drops of the source, polonium chloride ih

a slightly acid solution having an asctivity of 0.1 pillli-
curle per milliliter, were placed on the ermlsion plates
which sat in a box f£illed to a depth of 5 millimeters with
liguid water, Most of the colloldal particles stuck firmly
to the surface of the gelatin and remained there durlng the
development process,

As a radiocolloidsl aggragata falls on the emulsion,

alpha particles which éve directed normal and nearly normal



Figure 9 A photomlicrograph of alpha particle tracks from
collodial particles of radium and its daughter elements.
Reprinted from The Tracks of Nuclear Particles by H.

Yagoda, Scientific American Off-print 256, 1956.
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‘to the plane of’ﬁhe ermlslon will cause & black core of
developed silver to mppear whose ares fs & function of the
aotivity of the radioccolloid, the energy of the particles,
and the length of time the radlocollold is exposed to the
ormlsions

Since a radioccolloldal garﬁial& is sbout 0.1 micron
in diametery it cen be considered & point source, and the
éenter of the developed black core is the position of the
SOUPCO Tﬁefau%hnrs, using well-defined lmges that had ab
laast ten recognizable end écinﬁﬁ. defined the sversge of
these end points, measured from the lest grain devoloped to
the cenbeyr of the radiocollold, as the mean range of the
alpha particles in liquid water. In order to insure consise-
tent results thesne éaésur&meﬁta were lirdted to radiocolleoidal
particles of aversage slige which had thelir surrounding black
cores sircular in nature.

‘Both visual anﬁtphatamiaragraghia rothods were
used-ta'measure the esetbual renges. In the visual wethod tha’
center of the vradioccollold was Judged by estiration of the
center of the black cores This method was suiteble as long
as the blackening associsted with the insges wes not 86?@?6@
The visusl method was naturally subject to human lindtations;
howover, when a pichture of the kind shown in Fig. 9 wes teken
of ﬁha image, the center wes deteruined very prociscly bﬁ ‘
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drawing radiel lines through the grain of the tracks. The
conter was teken as the aversge intersection of these lines.

| To demonatrate the accufacy possible with muclear
emmlsions, the renge of Po2l0 glpha perticles was determined
in air. A coobed steel ncedle was placed 0.3 millineter
from the emulsion and sllowed to remain 6x§ésed té tﬁa'film
for 2l hours, The film was removed and developed and appro=-
priste correctlions were applied. The result was a range
value of (3.82 % .02) centimeters, which is in good agr&emant
with the accepted value of {3.8&2‘3 .0006) centimeterss,
The end poipts of alpha paruicle traeks are much easier to
deternine fcr travel thrcugd alr tnan travel baraugﬁ a 1iquié,
and, therefere, the closeness of these two results &aas not
izply & similar degree of accuracy for range values found for
liquids. Since the emalsians wara~sansitive‘to alphavpartim
¢les with eraray greatar than,O 2 yev cnly, thﬁn all ranges
determined wera shorter tﬂan the trua value and e sligh*
correction had to be nmade bo each fin&l resuﬁt.

DeCarvalho and Yagods state thabt conbarination to

8 small degree should not affect the range value, since
impurities have a tendency to rsduce the number of alpha

tracks arriving et a certalin polnt and not thelr maximum

track lengths.



The results of fifty-elight meesurements ghowed the

" mean range in liquid weter to be (38.1 § .5) microns and the
Integral stcpping power to be (1.56 & ,02). The value for the
range agrees well with Wilkinst rasuit, and because of the
reproducivility of DeCarvelhe and'Yagoéa's results,; these

values are probebly quite deperdable.
6., Anisnsson

In 1952 Aniansson developed & new method for detere
mining the mean range of alpha periticles in llquids. In his
metheod the liquid was placed bebtween two plane surfaces one
of which was g scintillation ¢rystsl and the other of which
held the source, Thils was the flrst tire a ﬂciniillation
counter wes used for this measurement although Philipp29
found the mean range of Po2llh alpha particles by counting
the visual flashes thaet were erdbted when the alpha @grticles
struck & zince sulflide phogphor.

In a seintilliation counter & charged particle hilts
the orystal (phosphor) where the particle can lose ibs ﬁesi-
dusl energy by causing lonizetlion and excitation of the atonms
of the crystel, The energy lost is converted into photons,
These phobons strike thﬁ.phnto-cathode of the multiplier tube
and cause emigsion of photo-slectrona., The photo-slectrons

are attracted towards a series of dynodes each one having a



higher potential than the previous dynode, Electrong are
eriftod by secondary emission at each of the dynodes. This
eloctron mltiplication process permits en appreciable rume
ber of electrons to reach the collector plate. At the plate
g voltage pulse is produced the gize of which 1s proportiocnal
to the energy lost by the alpha particle in the crystal,
Afbter amplification the pulse is counted by the scaler,
Anisnssonta experimontal set-up is 1llustrated
in Fig. 10. A steol plston ground plone to within 0.1 micron
1s used for the source support and opposlte it & piece of cale
eium tungstete erystol pground to the same tolerance 1s mounted.
The distances in his experiments were measured with "mikroka-
tora," doevices avaelloble commerclally in Sweden which Aniange
aon claivs are calibrated to within 0,05 micron.
The essumpbtlion 1s made by Anlansson that tho counte
ing rate as a function of the dlstance between the surfaces

can be expressed as

N e o0 1 Ny 8(r) (1= x) ar (1)
£ 2 T

where 3(r) is the straggling functlon, K the count rate at a
particular distance between hhe_surfaces equal to x, N, theA
total murber of disintegretions per unlit time taking place
in the source, and r the variable in the straggling function.
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The faeht that 2ll of the alphs particles from a
source £ail Lo have the sarme range in any wmediunm has long
been kmown., Tho Saussisn dlistributicn function deseribes
the distribution in range anguﬁ the mosn range Of monow
snergetic alpha particles in & collimated beame Thls dig=-

trivution function is given by

¢ (o) = - (1‘“1"@)2:] Cas

 exp [ ;
LVTT L &
where Yy is the mean range and o is the struggling pera-

meter. S(r) in equation (1h) is assumsd by Anlsnsson to

talte the form G{r) so thab

~O0 ‘ “
N 18, exp [,, (r~'~ro)3] (1 - x} dr (16)
| z 2L/TT oL & ¥

With 2 collimated baar and a vanlshingly small strﬂgvling
perameber the curve degicting ceunt rate versus distance
would drop vertically at X z ry. Aniansson points out that

with gé vanishing 1y small equatien (16), which tekes into
To

account the lack of collimetlion in hls experliment, reduces to
Nellp (1~x) for x'ﬁ'ro ‘
Z Po V
and " 17)

>
Heo for x - r,



The straggling perameter 1s not much more than one percent of
ros therefore, Aniansson c¢leiums that he observes equsbilon (17)
except for (g =)<z {rg $#L ). Within this smell region
the slope changes gradually, bub these changes are of no cone
gegquence since ho establi&hes»thﬂ slope corresponding to
equabtion (17) for x<< (g ~L}s

The plots of counting raﬁe versus distance from the
source will, then, give inelined straight llnes that intersect
horizontel stralght lines whilch correspond to the background
count retes at the dlscriminator levels used. A perpendlcu-
lar line dropped from the iﬁteraaatian of an inclined line
and 1ts corresponding horizontel line to the x~axis would in-
terseét'tha exis st & point ﬁhiah could be'termﬁd‘the mean
range of the alpha particles whish’losﬁ sufficient energy in
the erystal to give pulses larger than the diseriminator
level used for this pair of lines. Anlensson calls such a
_mean range en spperent mean range. For example, if a perpen=
dicular were drawn from point 3 In Fig, 11 to the x~axis,
the intersection with ﬁhé axis would indleate an apparent
mean range of aboub 37Q6 miorons corresponding to a diserimi-
nagor level of 10 volbs. |

vﬁniansscn determined a series of points like B and
K in Pig. 11 and was able'ﬁo fit a straight line to them. He

extrapolated this line to the zere discriminator level and
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cbtained the point ¥, The intersection of the perpendicular
line from ¥ with the z-sxls ylelded for him the uncorrected
mean range, Anlansazon could nob get dete for the zero volt
level, of course, because of ﬁha‘enormaus interference from
electronic nolse at that level,

One source of error could lie in the method of
deposition of the source30, Anlansson used an ovaporation
technique to plaée his source on the auyparb. In order to
check -for the posslbllity that the source was‘depQSita&
unevenly he took an autoradlograph. Thls autoradiograph
showed thet his source wes evenly deposited and ocoupled a
circular area 0,1 millimeter in dlemster located at the
center of the steel support.  The sutoradlograph and the fact
that Anlansson used only one source in all the experiments
lead to the conclusion that errors resulting from the charac-
teristics of the source werec minimal,

Anlansson found the range in air by the same method
he used for liquids, His mean range for Po2l0 alpha particles
in aly, corrected toc normsl tomperature and pressure, was
37.67 millimeters, Thls valus is 1.l shorter than the acceps=
ted value2B, Aniansson claims that this difference resulted
from a thin layer of aluminum deposited on the crystal surface
and a layer of the crystal that wes mwade lnsensitive by the
grinding process. Therefore, he added & corresponding cor-

rection to the value of the mean renge he had found graphically,.



The thin layer of sluminum was added tc veduce any
possible energy transfer from the liquid to the crystal. Thils
energy itransfor mﬂchanistis sugpested and dlscussed by BirksBl.
Anisnsson felt that some energy might be given to the erystal
by the action of the molecules excited as a result of the
irradiatlion process. After & series of experimesnts Aniansson
concluded thet this ensrgy tronsfer to the crystal was negli-.
gible; hoééver, in order to aveld alteration of the crystal
the sluminum layer was left on its face. |

Tharefcra, it eppears that the major systematic
ervors associated with this measurerent of the mean ranga of
Po210 alpha particles in liquld water resulted from the layer
of alumlnum and the insensitlve zone of the crystel, The
meen range reported by Anisnsson is 39.88 microns, which is
2.7% higher than theit caleulated by rmeens of Bragg's law,

Ho reported 1.459 for ﬁhe integral stopping pover, 8, a valna'
which agrees falrly w&ll;with that given by DeCarvallio and
Yogodeas ‘ o |

7. Palmer end Simons

The latest published report of the rangs of S5e¢3 HeV
alphe perticlea in iiqui& water eppeared in 1959 as a result
of the work of Palmer end Simons, They oveluated the rengee
enorgy relationship of alpha pertlcles in liquid water, aiv,
and water vapour using Po2l2 (8,78 MeV) alpha particles snd



molear emilsion bechriques. They were sble to measure, £lao,
the diffarenﬁial and integrel stopping powers of vaber, as
shown 1n Table 2. ;‘

Thelr experiment can be dlscussed in two parts: The
first part, which is of greater interest here, invclve& the
evaluation of the range of Po2l2 alpha particles in liquid
water zs well as the relation bebtwson peth length traversed
and residual energy. The latter garmita a range»énergy curve'
to be constructed, The second part of their ex?erimanﬁ deals
with the factors involved in deternining range«enargy‘relaw
tionships for alphs particles in water vapour and air,‘

_T&a first part ﬁaécri&ms the measuring ﬁechniqﬁés
used In studying the penetration of alpha particlaa;from,
po212 through water layers of known thicknesses and into
photographic emulsions, Since‘%ha range~onorgy releticnship
for alphe particles in the C-2 emulsion used wag welle
¥nown32, then the energy of a particle entering the emilsion
could be determined, and, hence, the lossz of energy on pasgw
sing through a glven amount of water sould be found., The
losa of energy in the ermmlsion and the corresponding iength
of the path through water conld then be used to determine the
range in Waﬁer of alpha perticles wlith energy equal to that
lost in the erulsion efter a definite value had been established

for the total range of Po2l2 glpha particlos in liquid waterg‘



. Table 2. Differential snd integral stopping

porer values for liquid water at
yariocus slpha particles snergles,

Erergy . Experimentr . - Theoryuw

(V)" sy Sy By Sy

7 L 1,31 T L7
. l*l!l 1.30 ld;B S l#lﬁ
g 1,38 },ga 1.50 1.3,%
. o ! u36 . 1*5 l{wl}.

¥ b% bR bz bb
3,5 R e 1.2 1.0o
2 1,06 1,22 1.k 1.39
1.5 .98 . 1,30 1,33 L.bo

*Feasured by Palmer ard Simons
##Caloulated by Platzman (ref. 18)



Such data for different thicknesses of water led to a range-
energy Curveo.

The Po2l2 was deposited on a portion of a highly
polished steel cylinder and covered with formvar. A 100
mioron C-2 research plate; also covered with @ thin £ilm of
foruvar, was the emlsion employed.

A thin layer of water was placed between the two
formvar £1lms, so thore was water between the surface of the
cylinder and the emlsion, B# weans of an x-ray shadow of
the eylinder the line of cantéct of the cylinder on the plate
wos determined. Then Palmer snd Simons were able to find s
path length T in water corresponding to the measured residual
track length L in the emmlsion. To each of these residual
track lengths a correction was applied for losses in the
formvar £ilm. PFigure 12 shows a diagram of their expsrimental
arrangement.

Messurements were made on six different plates, and
the track lengths asscclated with each plate were grouped
according to values of T. The averages of T and L were found
for eaech group and a graph of T versus L drawn for sach of
the six plates. In all cases the curves obteined were
gtralght lines with asésnbially the same slope, A typical
plot aeppeers in Fig. 13+ The mean of these six gbtraight lines
was expressed as & single line intercepting the L axis at
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Flgube 12 Experimental set-up used by Palmer
and Simons. ‘

4. C-2 EMULSION
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L = I}7 microns, the range of Po2l2 alpha particles in (-2
emilsion, However, in order to verify thelr value of 98,2
miecrons for L = 0, whlch was found by noting where the extra-
polated line crossed the T axis, an experiment was conducted
to determine the mean range of Po2lZ alpha particles in water
by comparing the range in webt emulsion wlth that in dry emul-
sione

Palmer and Simons claim that, if a volume v of dry
ermlsgion swells to & volume V when o volume of water ¥ is
ebgorbed and i the ranges of the particle in dry emulaion,
wet emlsion, and waber are I, R, and x regpeciively, then
the following relatlionshipy holds

lev %W (18)
R T W&
from which X may be caleculateds Therefore, the experimental
procedure had to yleld values for v, V, R, W, and L to permit
x %o be found,

Carveful determinations were made of the neecded
quantities making sure that all of them were measured under
the sowe condlitions. ihen these values were inserted into
equation (18) & mean renge of (96.6 & 1.7) mlicrons for Poll2
alphe perticles in liqﬁid water was found., The twe values,
98,2 and 96.6 microns, differed, but, because Palmer and

S8imons felt that linesr extrapolation at lower energles was



not noecesserily valid, they adopbed a mean range of 96,6
microns for Poll2 alpha particles in liquid water at 200 C,

| It was then vossible to construct the range-
enorgy curve shown in Pig, 1ilis This was done by converbing
a reslidual path length L in the emlslon to residusl energy
E by use of the range-energy relationship for C-2 emulsion.
The value of T corresponding to this L was reed from Fig. 13.
The mean range of salplie particles of the energy B was found
by subtracting this T from $6.6 microns.

Although thelr experiment did not yleld directly
the mean range of Po2l0 glipha particles in liquid water,
thelr range-encrgy curve deoes give & mean range value for
5.3 MeV alpha particles in this medium. Palmer and Sinons
report & mean range value of L6 microns and give differential
end insegrel stopping powers as 1.29 and 1,39, respectively.
This value for the mean range is the highest yot reported for
this energy; in fact, it is ebout 153 higher than the wesn

range repcrted by Anlansson. Their stopping power values are,

- gorrespondingly, the lowest reported.

It is this high range velue that ceuses one to look
for possibls sources of error. Two sources of error appear

to lle in determining accurately L values less than fifteen

“microns and in accounting for air between gource and plate.

The pregence of air would, of course, give range values that
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Figure 14 Range-Energy relation for alpha particles
in liquid water found by Palmer and Simons.



arc too small. Errors in T values due teo distortlion (wrlink-
ling) of the formver snd the messurement of the small angles
needed to evaluate the distances travelled in water by the
alpha particles would also ariéa,v Some errors would erise
frcm.weighing the emouni of water absérba& by the erulsion
and in debermining the thickness of the emlsion, These last
two items rmst be known in order to use équation (18), and the
mean pange of Po2l2 alpha particles in water as obtalned from
this aquation is the most important single determination in
~this experiment, ﬁa‘daubt the use of forrpvar introduced
gome uncertainties, It s diffienlt to imapine a mamufactur-
ing technique that would yield a sheet of the material that
&id not vary in thiciness by at least several mlcrons,
Furthermore, it appesrs that Palmer and Simons used the same
value for the stovppling pover of the formver to convert its
thickness to an equivalent thickness of emulsion ragardleas
of the smulsion path length L.

However, the erroprs gssoclsted with maaauring small
L values, with weighing amounts of weter absorbed by the.
emulsion, and wlith measuring the thickness of the enulslon
would ssem to have been.small, #ince the diffaran&e»i@ the
two independent measurements for the mean range of the Po2l2
alpha particlies wes less than 2%, Likewlse it should not be

possible to assoclate large errors with the use of the range=



energy relationship for C-2 emulsion. In fact Rotblat states
that one can rely upon the range~energy relation for C-2
eﬁulsion to convert renges into energy values to within 1%
error in the snergy. |

it na?efﬁheless appears that careful experimental

evaluation of the uncertainties mentlioned would be worthwhile.



ViI, DISCUSSION

In Michl!s work there éppaar\to be two sources of
error. These derive from the lack of sensitivity of the film
and the probuble presence of B121l0, Eitﬁer one of thﬁsé
could in itself render a measurement doubtful, but the possl-
bility of having both of them present in any determination
would tend to make the’result quite dublous. Platzmanl8
feels that it is virtually impossible today to assess the
accuracy of Michll's vesults, This opinion is shared by the
author, who believes that Hichl's mengurement should be
regarded as approaching the true value only.

In DeCarvalho and Yﬁgoda*s measurewent thers exist
at least two gignificant sources of uncertaintys. One of
these is essociated with the fading of the latent image33,
The other of these involves the difficuity of determining
accurately the decrease in renge resulting from loss of energy
to the silver bromide and from the direction of the particle
‘necessary to form a tracks ‘

The fading of the latent image is iwmportant, beocause
the presence of the alpha tracks on the emulsion was the sole
means these workers used to determine the range. Therefore,
& reduction in the visibility of the tracks, especially near

the end of the range, would ceritainly affect the accuracy of



the final result,.

A certain ancunt of energy 1s needed to enable the
g8ilver bromide grain in the emulslon teo form a latent image,
JThe energy to form this image must come from the Po2l0 aipha
perticle, This means the alpha particle rust lose energy to
the ermulgion ag well as Yo the wober. Hence, the image is
formed at the expense of the range of the elpha particle,
This foct 1s the reason why range measurements performed with
miclear erulsion in liquid water in the manner of DeCarvalho
and Yagoda would be expected to yield range values shorier
than the true range. This type of error would also be
present in Hichlts worlk,

In the experiment of DeCarvalho and Yagoda an alpha
paerticle, in order to be detected, must travel in a directicn
slightly below the horlzontal, It is assumed that these
suthors made an appropriate correctlon.

The Ross effect3l can appeer in any experiment in
which muclesr emulsions are unsed. This effect deals with
changes in the slize and positlions of véry small adjacent
images. As the gelatin drys the images nmove closer together.
The maxirmum megnitude of this effect is about L,0¢ for two
images originally 100 mierons epart. DeCarvslho and Yegoda
recognized and minimized this possible gource of error by

selecting a very weak developer.



There do not seem to be any significant sources of
error in Aniangson's experiment except the one that gpparently
cen be attributed to a thin insensitive layer of the crystel
and the thin aluminum coating on the crystal. Anienssonts
correction for this factor seems to be qulte reascnable.
Graphical analysis probebly contributed a small smount of
uncerteinty. If diffusion of the polonium into the backing
material had been apprecieble, the Junctiong of the inclined
lines on his greph with the horizontal lines would have been
rounded. |

Fano35 points out that, when an alpha particle
approacheg & boundary between two media, it ceuses & charge
to be Induced on the surface gpproached., This induced charge
causes the particle to lese slightly more energy in the
neighborhood of the boundary than would normally be expected.
This. effect is very tiny, and it is extvémﬁly doubtful that
it produced a noticeable reduction in Anisnsson'sg range value,

Aniansson's use of mechanicel epparatus, the "mikro-
kators,” to measure the mimute distances between source and
erystal, ecould rslse doubt. However, Aniansson certainly 7
demonstrated the reprodncibility possible with these devices,
In a later paperlb Anilansson reports that he measured the
renge of Fo2l0 glpha particles in twenty-two hydrocarbons

with an uncertainty of 0.012 nlcrons The apparatus used is



essentially the same as ﬁhat employed for his water messure-
manﬁ, |

There is a falrly long llst of possible sources of
arroy thatvmight be written for Palwer end Simong! experinent.
Even the small aress of the formvar film through which alpha
particles passed could have exhiblted non-uniform thickness.
It is possible tha®t eir was enﬁgapped by the formvar, The
conversion of formvaer thickness to equivalent emulgion thicke
ness was no doubt gubject te uncertaeinty. Wrinkling the
forrvar film was probably quite difficult to sveld., The need
fc measure swall angles to determins track lengths could have
led to apﬁreaiable uncertainty. The welght of the eylinder
that held their source might well have made the thickness of
the water 1&yér through which the alpha partlcles passed non-
uniferm, The experiment these men undsrtook was & very Aiffi-
cult one.

It was necessary for Palmer and Simons tc use the
range of Po2l2 alpha particles in liquid water to arrive at
the points on thelr range~energy curve., Thelr two indepandent
measurements vielded 98,2 microns and 96,6 microns for this
range, &nd they chose to use the latter value In constructing
the range~snergy curve. Yet ancthor worker30 used g scintile
lation detector to measure this range end obtalned (101 % 2)

microns, If Pelmer end Simons had used this figurs, their



indicated range for Po2l0 would heve exceeded the similar
results of ¥Wilkins and Aniasnsson even rore. It seecms that a
repetition of Pelmer and Simonst! experiment would be well
worthwhile.

There are other factors dlascussed In the literature
that could account for uncertainties in range measurements.
For example, it has been reported3? that four alpha particle
groups are emitted by Po?l2, These are tabuleted below,

~

Group Energy Relatlive Intensity
{1eV)
oL 8.776 106
£, 9,489 110
Ko 10,41 20
s 10,53 170

It is possible thet the presence of these highef ensrgy groupé
could have affected the results of Pulmer and Simons, but the
ralative‘intensities of the higher energy groups are quite
small, Their detection would, of course, yield excessively
high range velues.

| one author38 detected & track 300 microns long on
en erulsion exposed to Po2l0, He speculated that an alpha
particls had engaged in a nuclear resction with the material
on whilch the scurce wes deposited and caused the emisslon of
a proton,

chang39 claimed that he observed thirteen\alpha



varticle groups in the decay of Po2l0, Twelve of these were
less encrgetic then 5.3 MeV. Attempts to reproduce Cheng's
%ork have friled, end the consensus of opinion scems to be
that the lower energy groups resulted from the diffusion of
the Po?l0 into the bucking raterisl, |
Several other factors reported in the llterature
might be mentioned, It has long been known that hydrogen
peroxide forms when alpha particleé paass through liguid %ater.
It has boen shownli® that the emount of hydrogen peroxide
forrmed 1s too swall to require & correction to range m&asuﬁé—
ments.
The electrons e jected from the abscrber astoms as

a result of interactions with alphe particles are called
delta rays. Leahl claims that nearly one~half of these delta
rays possess initially energy in excess of 100 eoV. Although
an electron with this amount of energy. can travel sbout one
mieren in liquid water, this fact should have caused no diffi-
culty in the experiments reported here. The delta ray btrack
In an srulsion dées not begin at the point where the slectron
was ejected, and, when the track does become visible, its
grain density is quita,différemt from . that of the alpha partie
cle track. The use of a discriminator in work involving scine
tillation detection should preclude counting deltae rays.

| The value for the mean range of Po2l0 alpha particles

in liquid water hes steadily lncreased over the years from
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Hiehl's low figure to the surprisingly high value reported by
Palmer snd Simons, ~ v

It appeérs thet it would be frultful to repeat the
experiments of Arnlansson snd Palmer and Sinmons in order.tp
learn why thelr values are so disparate.

Anjansson has demonstrated the reproduclbility of
hls method, and, furthermore, his result ia quite close to
that of ¥Wilkins., Aniansson was forced to make & correction
to his result, probably because the grinding process used to
make his scinbtillating crystsl flat was too severe. Perhaps
this difficulty could be eliminsted by using & plastic phosg=-
phor such ag NE-102, & product of MNuclear Enterprises of
Canada. Aniansson himself suggested that in fubure work the
measurerent of dlstances botween the source and crystal wight
be carried ocut by means of an interferorcter. This idea is
certainly desirable and feasible, The factors that should be
watched with ntmost care in a repetltion of Palmer and Simons!?

work have already beon erumerated earlier in this discussion,
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