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Investigations of Alpha Radioactivity Using Nuclear Emulsions
Dean Carl Dunlavey
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

Bugust 8, 1952
ABSTRACT

An alpha emitter of particle energy 4.85 Mev has been found in the
bismuth fraction produced by the bﬁmbardment of lead with 60 Mev protons.
Half-life observations and alpha systematics indicate that the emitting
isotope is Bi203, The assignment of a curium isotope hawing an alpha
energy of 6.5 Mev has been corroborated as Cm?38 by showing iﬁ to be the
parent of PuR34, Investigations have_been made of complex structure in
the alpha particle emission of Sm147, Gd148, Bi2109 P02089 Th232, U’2329
233 yR3h P36 (238 237 py236 pyR38 p239 g2l 42



Investigations of Alpha Radiocactivity Using Nuclear Emulsions

INTRODUCTION
Nuclear emulsions are finding a continually increasing number of
uses in laboratories for investigations of radiocactivity. The ability to
detect, as for many instruments, results from the ionization produced as
the aétivity traverses matter.

2 were among the first to perceive the fogging

Becquerell and Crookes
effect of uranium and thorium salts on photographic emulsions and to
attribute the effecf to radioactivity. Reinganum,3 in 1911, is regarded

.as the first to associate a linear series of developed silver grains aé
recording the trajectory of a discrete particle, Although many early
scientists employed the optical photographic emulsions for wvarious radio-
activity studies, the current acceptance of emulsions as an accurate tool
of research began with the faifly recént availability of fine-grained
'nuclear emulsions' of especiaily high silver bromide éontent, with re~
producible stopping power, and barticularly suited for the detection of
deﬁsel& ionizing particléso

The use of emulsions is particularly suited for low counting rates,
due either to a long half-=life or to a scarcity of activitj, and for co-
incidence work. In addition, thé Ilford Cm2 (alpha sensitive) and D-1
(primarily for fission fragments) emulsioﬁs have been found advantageous
in locating alpha activity accompanied by high.beta or electron captire
activity which interfered with mechanical pulse analysis. Since each

radica ctive atom is completely surrounded by emulsion sensitive to

charged particles and since most emitted particles come to rest before

e
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leaving the emulsioh, the method offers 100 percent geometry with ne
particle energy losq such as is:found in the use of thick sample< pre- .

pared for mechanical counters or caused by particles leav1ng the ioniza-

£

tion chamber before expendlng thelr energy completely° :

The emulsion can be lcaded with a radloactlve 1so£epe and left for
weeks or months, after which the accumulated act1v1ty can. be counted
Radloactlve decay rates too lew for mechanlcal counters are ea81ly 1den
tified by this method S;nce each em;tted charged partlele 1eaves a :
track orlglnatlng from the p01nt where the parent atom is located, the
complete decay of each such atom is unlquely recorded, |

Observation of the graln den31ty of a track allows.easy ideﬁtificam
tion of the particle as an eleetron, protoh,.alphe particle;or fission
fragment., Measurements of ;artiele rangeé pefmit quite accefate enefg&
determination3° i.e. to w1th1n O 1 Mev of alpha partlcles under 10 Mev
and to within 5 kev for eleetrons of 15»75 kev°

The methods described herein were developed prlmarlly for werk 1na_
volv1ng alpha partlcle«countlng .and., for. the obse“vatlon of. alpha—electron
coin01dences vhich are useful in determlnlng the decay schemes of alpha
‘emitting isotopes., The results obtained through the use of emulsions fer
alﬁﬁanelectrbn coincidenee sﬁudiee iﬁ‘ﬁhe investigaﬁien ofréempiei‘alpha
structure in certain isotopes'have Eeen.previously desefibed by‘other

workerso49596
FMULSIONS
The emulsions now used are composed of a 1ayer ef gelatin”matrixg

bearing a high content of small spheriecal grains of silver halides
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(mostly the bromide, but with a small percentage of iodide), which is

generally mounted on a 1 x 3 inch glass microscope slide, Table I

shows a comparison of nuclear and ordinary optical emulsionse7

Table I

Property Optical Emulsion Nuclear Emulsion
AgBr:gelatin (mass) 47153 83:17
AgBr:gelatin (volume) - 15:85 45555
Grain diameter, p - 1=3.5 0,1<0.6
Grain separation interlocking isolated by gelatin
Thickness, p 5 2=3 25=400
Mass/unit area, mg/cm 1-4, 40 mg per 100 p thickness
Sensitivity to light very high : high but not panchromatic

(insensitive to safelight)

The passage of a charged particle through a grain renders the entire
grain developable (provided'the total'ibnization loss in the grain hés
been adequate), If this were not so, the tracks would not be visible.
The observed path of the particle is; of cburse, that continuous accumu-
lation of dévéloped grains rendered developable by passage of the parti-
cle,‘ By varjing the sizé of the gréihs, emulsidnsican be made‘partially
selectiQe as to particles fecorded'since tﬁe grain size detérmines ﬁhe'
mihiﬁum.rate of ionization iosé which é‘particlé must have in order to
.seﬁsitize the grainé, Emulsiohs ménﬁfaciured bj'Ilford afe éelective'in
respect to recording single events as listed in Table II (see Figufe 1).
It should be fecognized thét a large excess of anyvéctivitj will fog any

of the plates listed.



Table II

Fission .. Alpha . e L BRI >
Film Fragments Partieles Protons Flectrons Gamma Rays

D-1 heavy moderate X x b4

(fine tracks tracks at ;

grain) low energies

only
E-1 heavy heavy moderate b4 . X
tracks tracks at tracks at

low energies end of range

c-2 heévy heavy moderate ox ox
tracks tracks tracks up to
50 Mev
B=2 heavy heavy heavy X ‘ - x“
' . tracks tracks -tracks - -
G=5 - . - heavy heavy heav;; .. .moderate ... . X ... ..
(coarse tracks tracks ~  tracks tracks
grain) improving
' with lower
energies
ERADICATION

Because of inevitable éeriods of delay betweén the manufécture of
the emu151on and its use, all plates used were found to contaln baek= 4
ground tracks (i.e., alpha particles in C=2, alpha partleles and elec;w
“trons in G~5) formed either by radiocactive impurities @ontalned 1n the _
emu131on and glass backing or by cosmic radiation. In d01ng preclse wcrk
with tracks of the same kind as those of ‘the background it was alwayq
des1rab1e, and sometlmes mandatory, to eradlcate this background In the
work of interest to the author, attention was conc entrated on alpha '

counting in C-2 and D-1 emulsion plates and alphamelectron countlng in



G-5 plates; the eradication procedures used for removal of background of
these types is described.

" The generally described methods for eradicating alpha particles in
C-2 plates involve placing the plate in an atmosphere of water wvapor or
dilute hydrogen peroxide vapcr for varying periods of time and at wvarious
temperatures up to 40° C or occasionally higher. These procedures were
found to reduce the density of the alphé tracks to varying degrees Eut
never enough to preclude their recognition,' The method for C-2 and D-1
eradication described below was developed by the author and gave complete
and absolute eradication without any observable loss of sensitivity in
respect to subsequent alpha recording.

Immerse the plate in 0.1 percent hydrogen peroxide solution at 20° ¢
for 30 minutes.
Dry rapidly over sodium hydrox1de (about 30 minutes if air is
circulated).
Keep over anhydrous sodium carbonate in qulet air for 36 hours.
4t the end of the 36 hour drying period the plates were thoroughly 'clean!
and subject oqu to that background creéted subsequently. Effectiveness
of the method in respect to eradication without désensitizatibn was
checked repeatedly by suspending an alpha emitting source above different
portions of the emulsion surface before and after eradication; this pro-
duced a high density of tracks without incorporating any activity within
the gelatin.
| No comparably effective method of eradicating electrons from a G=5
plate was found. It was observed that any effective eradication involv-
ing heat or humidity appreciably decreased the electron sensitivity, par-

ticularly at energies over 40 kev. Therefore, the G=5 plates were order-

ed from the manufacturer frequently and in limited quantities so that



they~could be used without eradication within 1-6 weeks after manufac-
ture, Cosmic ionization of electrons from atoms composing the. emulesion
appeared. to be the primary source of the background in the G-5 plates,
Lead shielding was provided during storage and exposure to keep the
background to a minimum,

The extent: of latent image fading in the plates was determined by
exposing a small section of the emulsion to an alpha active disc for a
brief period at the beginning of each exposure time. The fading of the
alpha tracks created by the disc then represented the maximum fading ex-
perienced by any other track in the film., The plates used in the current

work were kept in a cool and dry atmosphere during exposure periods,

never longer than two months; and no appreciable fading was observed.

LDADING

The emulsion forms a hard layer on the glass plate when dry but
swells to several times its volume and becomes very spongy and tacky when
wet, If a solute is present in the wetting sélution, it diffuses into
the gelatin until equilibrium is established., When the wetted emulsion
is then dried, these solute atoms are trapbed more orvless uniformly
throughout its volume, In the case of those trapped atoms which are
radiocactive, a complete record is lef£ of all charged particles subse-
quently emitted.,

‘The solutions introducéd had to have a pH of 3=9, If the pH was
lower, the emulsion was desensitized or -even dissolved; if higher, most
solutes of interest became hydrolyzed or colleidal and would not pene-

trate into the emulsion. Frequently, in solutions of pH as low as 4 or 5,
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it was necessary to have a complexing agént present to obtain satisfactory
penetration. Dilute ammonium citrate or ammonium acetate (fD,Ol M)
solutions were commohly used because of their buffer and complexing pro-
perties, No oxidants were included in solution because of their destruc-
tive action on the latent images of the tracks. When ample activity was
available, solutions were prepared having ~10 absolute disintegratibﬁs
per minute per 100 X.’ Saturation of the emulsion with the solution,
followed by a 66 hour exposure period, provided a concentration of tracks
in the emulsion (5-10 per field of view) adequate for rapid counting
without interferénce arising from an excessive number of tracks, .Using
the well technique of loading (described bélow),,5007\of such solution
wes ample. If the activity was not available in this'concentration,
longer exposure periods and extended microscopic counting could lower the
countiﬁg rate of the sample to a magnitude of one count a day.' The over-
all solute concenﬁration'of SOIﬁtions used could be as high as 0.1 to
1L N without noticeably affectipgithe sensifivity or range—energy'rela-
tions of the plates;l » U | g

If soakea in a lafge volume of solution, the emulsion was effective-
ly saturated after aboutléO,minuteso In its swelled condition, it con-
tained about the same cqncentration_df the fadioactive solute as the
solution, volume for volume, Thus, when dried and shrunk to7its-origina1
volﬁme, its volume for volume solute concentration was 3-5‘times thét of
the solutiqn.= This ratio is generally referred to as the penetration
factoﬁ, By knowing the volume qf emulsion searched with the microscope
fqr evidence qfiradioactivity; a fair estimate could be made of the total

number of solute atoms which acted as the parent of the observed activity
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and, if desired, the epecificfactiVitykoouldmthusﬁbe calculated, The .-
following formula relates the.amount of..activity observed, its half-life

and -the 'abundance of the,parent;sAv O

aN < iy o B2 0 N - dt

In2 ¢ n-°n ‘grz-fedu’,f'fmc:° 4,4t

aN = '
- T . e e e

o
=

number of events found in' all.
fields of view searched.

~radius of field of view. -

dry £ilm thickness.

-penetration factor. - ‘
concentration of the solutlon
Avogadro's number. .

exposure time.

half-life of the radiocactivity.

[LUN | | | S (A S 1

o : '
HathoHman D

n

:rIf a small allquot of the solutlon was allowed to dry completely
.1nto the emu131on, the amount of solute absorbed was agaln known° Howe
ever, ‘much better penetratlon was achleved by hav1ng excess solution in
contaet w1th the emulsmn° -

When the amount of radioactive solution was limited, a smell\ﬁelly;
was‘ooﬁebbocbedvébove the emulsion by using ; one-fourth inch thick'block
offplastic cut.bo'thefdiﬁenslons of the plete; a bole{of'eppropfiefev”
size was mllled through the block and when the block was placed flush
. agalnst the emu131on, a well was formed enabllng a column of llquld to be
placed above the emulsion,, A watertlght seal was produced by 11ghtly '
grea51ng the bottom of the block before placing 1t on fhe plate (see .
Flgure 2) ThlS column gave penetratlon equlvalent to that obtalned oy

' 1mmer31ng the entlre plate° When saturatlon had been reached (l~3 nouro),
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the_well was emptied with a pipet, the block removed froﬁ the plate, the
wetted area allowed to dry and the residual grease removed by careful
scraping.so as no£ to spread it onto the exposed area, Because the éen—
sitivity of the emulsion and its stopping power were both much decreased
when wet, the time taken for loading and dfying had to be short relative
to the total time of exposure (recording of activity). Drying of 100 p
C~2 and D-1 emulsions could be accomplished in 20-30 minutes by placing
in a sodium hydroxide charged dessicator containing a circulation fan
(see Eigure 3).. When dried, the emulsion was promptly removed to prevent
peeling caused by lowering the wéter content of the gelatin excessively.
G-5 plates (100 p)lhad to be allowed to dry normally while standing in
air (~3 hours) or over anhydrous sodium carbonate since rapidldryiné over
sodium hydroxide highly increased.the grain backgr?und of the area after
development,

Following loading and prior to processing, the plates were kept in
a relatively cool (20° C) and dry (over anhydrous sodium carbonaﬁe) loca~
tion to minimize fading. In case of G-5 emulsions, two inch lead shield-

ing against cosmic irradiation was also provided.

PROCESSING
Since the emulsions used were solely of 100 uthickness, no complex
developing procédures were required. The deveioper used predominantly
was D-19 stock solutién diluted 1:6 with water (pH about 11)., In cases
where a somewhat acidic complexing.agent (i.e. citrate) had been retained
in the emulsion with the activity, an acid developer (diaminophenol hydro-

chloride) of pH about 6 was occasionally used to give uniform track
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densities throughout the emulsion., In most cases, however, presoaking of
the emulsion in dilute sodium carbonate solution at 159 C for 20 minutes
was used to prepare such acidic emulsions for satisfactory D-19 develop-
ment. The fixer used ‘was ordinary photographic acid fixer., To avoid
radioactive contamination from batech to batch, no chemicals were used
more than once,
The exact procedure was as,folloﬁs (see Figufe 3). .

Presoak if dilute sodium carbonate solution at 20° C if necegsary.

Develop 30 minutes at 20° C. (45-60 minutes for G-5) with constant

but mild agitation. The combination of weak developer and long

development time gave a more nearly uniform track density through-

out the emulsn.ono

Stop bath of water or 1 pereent acetlc acid for 5 minutes at 20°C
‘without agitation, :

Fix for 4.5 hours with: éonstant mild agitation, _Plates must not
be exposed to any light except safellght until flxatlon is com~
pleted,
Rinse 90 minutes in running water; allow to dry overnighto
Following processing and drying, any coating of metallic silver left
on the emulsion surface was removéd, losing less than 0.25~0,50 ¢ -of
emulsion, by careful scrubbing with alcohol dampened cothton, .Begause of
the high silver halide content which is removed by fixation, the emulsions
decrease in thickness after processing and this shrinkage must be correc-
ted for in track measurements (see COUNTING).,
When properly proaessed, the plates were clear and transparent with
no.- distortion visible in the emulsion. Ilford plates, excepting G-5,
had a slight green or brown tint from colloidal silver left in the gela-

tin.



COUNTING

Following processing and drying, the emulsions were best examined
with a binocular microscope having a rectangular stage.. If every event
ip a given area of the plate had to be located (i.e. determining the
specific alpha activity of an aliquot), scanning was done using a 5x
eyepiece and a 90x oil—immersiqn objective., This gave the minimum magni-
fication (450x) and maximum area coverage per field of view commensurate
with the accuracy and detail required to assure location of every event,
Upon location of an event, measurement of each particle range or energy
was accomplished by changing to a 15x eyepiece and using the procedure
outlined below, If.it was only.required to count the relative frequen~
cies of different events (i.e., alpha particles vs alphalparticles with
coincident conversion electrons), then a l0x eyepiece was convenient for
both scanning and counting.

Scanning was most simply done by seérching from the top to the bot-
tom of the emulsion in one field of view and then moving on to an adja-
cent field of view somewhat overlapping the first’and repeating the top
to bottom search, etc. & field of view of 450x magnification covered .
about 0,03 mmé of émulsion area; hence, it took a minimum of 3300 separ-
ate fields of view to eover 1 em® of emulsion area, discounting the neces-
sary overlapping. It was therefore of obvious interest to minimize the
area requiring scanﬁingo

In‘determining the range, and so the-energy, of a particie in the
emulsion; it was generally necessary to record the horizontal and verti-
cal coﬁponents of the track and then to compute the true path., The hori-

zontal component was measured by.use of a reticle: contained in the 15x
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eyepliece, the graduations of the :reéticle having been previously cali-
brated in terms of microns by use of a horizontal stage micrometer. The
vertical*componenﬁ of the -track was measured using the graduvations of the
fine adjustment knob of the microscope, focusing first on one end of the
track and then on the other. . Through prior'eaiibration-with a vertical
stage micrometer, the knob reading diffefencesAwere also tranglated into
microns, Since the focal plane of the field of view was slightly concave
upward, the ends of a measured track had to be at the same distance from
the eircumference of the field of view.. .

The depth of the emulsion deecreased about 50 percent between the
time the track was formed and the time it was measured (see emulsion pro-
cessing); therefore, the measured vertical component had to be multiplied
by a shrinkage factor to correct it to the original depth. It was:.deter~
mined in this laboratory, using uranium tracks as a standard, that the
factor was 2.2 for C-2 emulsions (and essentially the same for other
Jiford emulsions)° Hence, a track measured at 12 p horizontal component
and 5y depth component actuallj wésbfofﬁed with a 12y horizontal
component and a 11w vertical ‘component, with a true length of .- -

“144 + 121 = 16,3 p. Becausge this depth correction introduced the
major uncertainty of the range measurement, the best energy determinations

were made on those tracks lying most completely in the horizontal plane.

IDENTIFICATION OF PARTICLES AND THEIR ENERGIES . -
Fission fragments, alpha particles, and low energy protons, because
of their high mass and rate of ionization, all leave.dense, straight

tracks in the C-2 and G=5 emulsions., Electrons, in G-5 emulsions; in
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contrast, leave uniquely irregular, sketchy tracks. Differentiation of
alpha tracks from proton or fission fragment tracks was always made easy
merely by considering the range and grain density of the tracks.

Besides identifying the kind of particle, it was generally of inter-
est to determine its energy. 4s in any medium, the particle range was
used as the best measure of its energy. The stopping power of emulsions
of the same kind (i.e. C=2) is now sufficiently uniform so that range-
energy relationships prepared for‘one manufactured batch céuld be con-
sidered valid for all others. Accurate range-energyArelationships for
alpha particles in C-2 emulsions have been.prepared By Rotblat? (see
Figure 4). These were checked by the author from the 8.8.Mev alpha of
Po?l2 to the 2.18 Mev alpha particle of Sml47 and they have also been
corroborated to within a few percent by other workers.10 This range V8
energy curve also offered a very close approximation when using either
other Ilford emulsions or Eastman NTA or NTB plates.

Less accurate range-energy determinations were available for elec- - .
trons in G-5 emulsions and could only be used to approximate the energy;l

(see Figure 5).

PHOTOMICROGRAPHY
Clear and detailed photographs of the field of view seen through
the microscope could be obtained by use of only an intense light source
and a monocular tube, The light was transmitted from the éubnstage“
mirror through the condenser, plate and objective and out through the
eyepiece of the monocular tube. The image, exactly as seen in the micro-

scope, was in sharp focus on a screen held from 1 inch to 1 foot above
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the eyepiece, Substitution of film for the sereen provided a phoic of

ary desired magnification,

B31<03

In plotting the alpha decay-energies vg mass numbers for the iso-
topes of bismuth and heavier elements,; it is seen that the energy of dis-
integration for any element increases és the humber of included neutrons
_of the daughter isofopes decreases to the especially stable number of
126, .Past this energy maximum the energy drops abruptly to a minimum and
then_begins to -rise againolg For bismuth, -the isotope 211 (decaying to a
daughtgrhwith 126 neutrons) lies at the top of the -energy peak and the
isotope 210 is known -to lie much below it, . However, the.next known
1ighter‘alpha*emitting isotope is 201 and this lies well up on that part
of the.energy curve (past the 126 neutron closed 'shell) which is again
increasing with decreasing neutron number. &lpha particle emission from
the intermediate isotopes 202-208, presumably because of the lower alpha
" particle energies and subsequently longer half-lives, has not been ébm
served due to the short overall half-lives resulting from electron cap-
ture instability,

The most favorable alpha/electron capture ratio within this region
was expected for the lighter isotopes where the alpha particle energy is
highesty 202, 203 or possibly 204. To prodﬁce‘the maximum relative con-
centration of these isotopes, a target of natural, highly pure lead foil
was bombarded for 50 minutes witli-a 60 Mev proton beam. & period of:

12 hours after bombardment was allowed for chemistry and for decsy of the

20L,. Tn

light isotopes, the longest lived of which was 60 minube Bi e
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chemistry was designed to give carrier-free bismuthé‘separated‘from all
other radicactive elements, in a solution of pH ~4..

The activity of the Bi®0l alpha particle (5,15 Mev) could no longer
be detected with the pulse analyzer following the 12 hour period. From
the Geiger decay curves it was found that,-duripg the- last. 36 hours of
the first 48 hours following bombardment, ~9C percent of the total acti-
vity was of abouﬁ a 12 hour half;life, assumed eqyally frém Bi203 and
Bi<04 (see Figure 6). This 36 hour span, occurring after Bi?0l and
lighter isotopes had decayed out and before longer lived isotopes couid
.cohtribute appreciably to the overall a¢tivity and covering three half-
lives of the appropriate isotopes (B1203, B1204), was the period decided
upon for investigation.l

| Twelve hours after the first bombardment, iOO A aliquots of the

original solution and solutions préﬁared by‘§y3tematic dilutien were im-
pregnated into separated a?eas of abéut_2bcm2 each of Ilfofd C-2 emul~.
sions, rapidly dried in cirgulating_air-over;sodiumvhydroxidé and allowed
to stand for 36 hours. The emulgions'QEre then'deveioped and inspected
under the microscope to find the maximum glectroh capture;activity toler-
ated by the emulsion béfore being fogged. :The_highegt tolerablevéétivity
was found to be fhat from a sampie having an absoluie counting rate of
1 x 105 ¢/m per 1001 (windowless proportional counter) at the beginning
of the exposure period. This represented aboutrl X 109 total disintegra—
tions during the 36 hours.

In all subsequent,bombardmenté,.the_bisﬁpth solutions were prepared
approximately equal to this activity,_impregnaﬁed into eradicated C=2

emulsions and rapidly dried overvsodium hydroxide. The alpha activities
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found during the 36 hour decay periods; as well as those found in

'background'! checks, are recorded:in Table III.,.. ...~

. ‘Table III .- -~

' ' :Background ‘- -Overall
Exposure Total Counts Alpha Partlcles Alpha Partlclep a/EC

Bombard- Time#* (&bsolute) (Mev)®** . (Mev)t - = Ratiott
ment (hours) (x 108)  4.0-5.0 Other 4.0-5.0  Other (1078)
5 36 2 e .3 5 1 7, 15
6 % 1.5 , 6 1 2 2

.. 36 . 1‘5 2 : 3 - . S . 1_03
9 36 84 9 s 0 1L
36 8.4 13 2 | 1.5
. 10 P T . & 2 8 1.7
11 13 11,0 9 2 1 6 1.5
13 “(first 39 6 5 et (for -
13 . hours) 2 3 first 3
26 . 1 e ‘periods)

*Beglnnlng 12—14 hours post bombardment '
#*Background alpha particles deducted (see Figure 7 for alpha
particle energy histogram).,
tTaken from 5-7 days post bombardment with a 48 hour exposure.
+1‘Gon31der1ng only those alpha partlcles in the 4.0-5.0 Mev range.

a plot of the alpha particlea observed between 4.0 and 5;0 Mev is
shown in Fighre 7. Because of the colloidal nature of the bismith in the
nearly neutral solution, most of the alpha particlesloflgihaﬁed from
within 'activity spotsi caused by the concentration of associated gamma-
electron activity (see Figﬁre 8). It was considered of intérest and

significance that neither ‘the alpha particles outside the 4.0=5,0 Mev



-20-

energy range nor uranium activity, added as a sensitivity check during
each run to other plates containing bismuth aliquots and developed
sepafately, originated from such spots,

By considering the time lapse before, and the duration of, the
exposure period, it seemed certain that the alpha particles were origi~ -
_nating from a parent whose half-life was of the order of a day. The
final bombardment indicated this half-life to be of the order of oné—
half day. From either consideration, and fiom the fact fhat’no other
alpha emitter of comparable energy and half-life is known, it was appar-

203, or B1204,

ent that the parent must be either Bi -Comparing this energy
on the plot of energy vs mass number of the other bismuth isotopes, it
was found that it closely fitted the energy expected ffom Bi?03 but was
too high for that of 31204. Therefore, the albha particle emitting
isotope was assigned as Bi<03, ‘

The alpha/electron capture ratio fova1203 was then about 3.3 x 1078,
Because of the quick drying of the impregnated solution, the penetration
into the emulsion was poor,‘of‘thé order of 1-5u. This meant that
approximately one—half‘of the alpha particles emittéd passed out the
surféce of the emulsion and could not be measured. Hence, the total
alpha particle coﬁnt was assumed to be effectively twice the number of
measured tracks and the final alpha/electron capture ratio for Bi<03
was assigned as 6.6 x 10~8, |

Using this branching ratio, the alpha partial half-life was easily

calculated.

alpha half-life EC counts

EC half-life alpha counts
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13 hours 13
6.6 + 1078 24 + 365 * 6.6 ° 10

alpha half-life = g years x 2 °104§ears
This energy and corresponding alpha particle half-life are in good-
agreement with the curve of alphe particle energy vs half-life for other
bismuth isotopes. From the results of this eXperiment, it seems certain
that isotopes 204-208 will have increasingly unfavorable alpha/electron

capture ratios and hence cannot be examined by this method.

MASS ASSIGNMENT OF 0m3%

An interesting and unusual applicstion of nuclear emulsions was em-
ployed to qonfirm thevmass assigmment (238) of arcqrium>isotope having an
alpha particle enérgyvof 6.5 Mev and a half-life of 2,3 hours.

Following preparation by G. H..Higgins, a 30°% aliquot of the curium
activity, having 0.7 c/m of the 6.5 Mev alpha particle, was diluted to
reduce the citrate concentration to 0.1 M and impregnated into an Ilford
C-é nuclear plate, Qne hour was allowed for penetration after which the
plate was rapidly dried in the sodium hydroxide dessicator.

Considerable additional alpha activity as well as r~~-104 ¢/m electron
capture activity was present in the aliquot from - contaminating ameriéium
and curium isotopes. The daughter §f Cm238, Pu234,vha5‘a half-life of 8
hours, decaying with an electron capture/alpha ratio of 20/1. Therefore,

238, a limited. num-

if the alpha emitter under investigation was indeed Cm
ber of events showing two alpha particles of appropriate energies and co-
incident in origin were expected to be found in the emulsion fellowing a-

42 hour exposure,
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; Investigation of approximately one-fourth of the impregnated ares,
revealed five events having two coincident alpha particles; these were of
energy 6.5 + 0,1 Mev.(Cu?3®) and.6.15 iiOsl‘Mev“(Pu234) (see Figure 9).

In view of the abundance of the events and the fact that two and
only two successive alpha particles of. such energies cannot be placed in
~any other known decay chain, the mass assignment was considered confirmed.
Of special interest were the following pointse

An activity of ~2 hours half-life was successfully impregnated

into a nuclear emulgion and dried in time to observe the bulk of

the decay,

4 concentration of 0,1 M citrate did not affect the sensitivity
or development of the C=2 emulsion to an obgervable extent,

The activity penetrated throughout the emu131on unlformly within
one hour's time.

Five events of the desired kind were effectively segregated and

identified from among several thousand contaminant alpha tracks
and ~104 c/m electron capture dlsn.ntegratlons°

INVESTIGATIONS OF COMPLEX STRUCTURE IN ALPHA PARTICLE
EMISSION WITH NUCLEAR EMULSIONS '

A study has been made, ut111z1ng the method of photographlc emul-
sions, of the conversion electrons accompanylng the complex alpha group
structure in a number of nuclides. These conversion electrons, coincident
in origin with the alpha particles, ﬁere-identified in Ilford G-5 nuclear
emulsions (see Figure'lo) 'Energies'of the electrons were approximated
from their range and thls, together with postulatlon of the shell of con-
version (or blnding energy) of the electrons, allowed caleulatlon of the
gamma ray energy or nuclear energy level separation. ' The percentage of

 alpha particles having such conversion electrons associated with them
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represent a lower limit to the alpha decay leading to the corresponding
nuclear energy level since the unconverted gamma rays are not measured by
this technique. | |

Fresh plates were ordered frequently and used within one to eight
weeks after the time of manufacture in order that no eradication of
electron background (with associated desensitization of the emulsion) . -
would be required. Because of residual acidity left in the emulsion with
the radioactivity through use of citrate or acetate’complexing agents (to
aid penetration of the radioactiviﬁy'into the emulsion), a 30 minute
presoaking of the plates in dilute sodium carbonate solution preceded
normal development with Eastman D-19 solution. Thévcustomary pe:iod of
exposure'was 66 hours; where the daughter was a befa emitter of suffici-
ently short half-life, appropriate corrections were made in the percent-
ages of electron abundance.. Alpha partiéle emitting contaﬁiﬁénts were
negligible (051 percent) in all cases except U238 for which én isotopical-
ly enriched sample was used and appropriéte corrections made for U234 and
U235. Close agreement was foundﬁﬁétﬁééﬁ$fhé present resulté and those of
&saro and co-wofkers in earlier w&rk on the two nuclidés cm4R and Pu238
using the alpha magnetic spectrometer; this was regarded as iﬁdicating
satisfactory efficiency of the emulsion method in estimating both élecé
tron abundances and energles.

The results are summarized in Tables IV and V where the gamma ray
energies are probébly accurate to about 5 kev., A&s can be seen, in the
case of the evén—even emitters, the alpha decay observed in every éase

‘divides between the ground state and §ne higher energy level of the

daughter nucleus. Since the conversion coefficient for the gamma ray
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Table IV

Conversion Electrons Accompanying Alpha Decay of Even~Even Nuclides

< Eléctron :

. Alpha % Having . . S
" Events Conversion ‘Energies . . Shell:-of Gamma Energy
Isotope Observed Electrons ~ ~ (kev)  Conversion (kev)"
Ccm42 5250 23+3 25+ 5 (19%) L ~45
o . 405 (48) T ~45
P 5700 23+3 . 20%5 L ~4,0
- 35%5 M ~40
PuR36 7000 20 + 3 25+ 5 (174). L ~L5 -
40% 5 ( 3%) M ~45
1238 6300 2243 . 25+5 L 4,5
S | . 40x5 M ~4,5
3% 9700 27+3. 30+ 5 (23%) L ~50.
' ‘ - 45+ 5 (4%) M ~50
w34 600 25+3 30+5 L ~50
W5E5 M ~50
232 8000 30+3 40 +.5 (263) L ~60
| - 55% 5 ( 4%) M ~60
T332 5100 2 +3  35+5 L ~55
5 % 5 M ~55
PR gs500 0 ‘
a8 6200 0
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- Table V

Conversion Electrons &ccompanying Alpha Decay of 0dd Nucleon MNuclides

“Mpha % Having | Eleetrom e 4

Events Conversion: Energies . Shell of . . Gamme Energy
Isotope Observed "Electrons: - (kev) . Conversion- - - (kev)
Am?4L 2600 . 56+ 5 <20 (12%) several levels,
' T 20-35 (31%) highest at least
35-60"( 9%) 65 kev above the
2 electron : . ground level
coincidences s '
o (4%)
Puc3? 8100 12+ 2 ° 30+ 5 L ~50
' ' o 45+ 5 M ~50
20+ 5 L ~35
30+ 5 M . ~35
100 + 20 (0 5%) origin uncertain
NpR37 3500 80+5 20 (108) " several levels,
’ ' ' 20—40 (38%) highest at least
LO=65 (20%) 65 kev above the
" 2 electron ground level
coincidences
(11%)
3 electron
“coincidences
233 4700 9+ 3 20 + 5 L ~4,0
35+ 5 "M ~0
0.4 70 ¥ 10 L 90 + 10
Bi?10 1800 0

sol47 7500 0
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seems to be high for all such daughter nucle1 of the even-even type where
this has been measured, 1t seems reasonable to assume that the percent-
ages of conversion electrons llsted in Table IV correspond essentlally to
the percentages of the alpha decays to the level above the ground stateo
In the case of Po?08 and Gd148 the absence of conversion electronS‘lndl-
<_cating decay to an excited level is attributed to the fact that the first
"excléédflevel of even;even nuclides in a magic number region;lies suffi-
ciently above the ground state to preclude any readily observable competi-
tion w1th decay to the ground statev

It is seen that each of the nuclides wlth odd nucleons exhibits
alpha decay to several energy levels with w1dely varylng percentages, for
these, the decay to one of the excited states is 1n each case less hind-
ered thac the corresponding decay to the ground state, in'agreement_with
the view that the conditions for’the assembly of the outgoing alﬁha parti-
cle can be more favorable in certaln 1nstances when the: hlghest lying
.odd nucleon need not be 1ncluded | .

For the even-even isotopes,'lt was'Of'interest to determine the
quantltatlve agreement w1th alpha systematlcs by observ1ng the cons1stency
of their nuclear radii, assumlng the valldlty of the one-body theory for
alpha decay. For the first treatment, the expre551on of Perlman and .
Yp31lant1813 was selected because of its relative simplicity and relates
the decay constant, decay[energy, atomic number and'nuclear radius as
follows (see Bethe):9 B

logygh = 2L.843 + 0610%163 - :L‘_’glor + 0.217 IéZ"

1,104 (2 - 2)
U R+ G

(eg = s1nao cosao)
o
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The numerical coefficients were calculated to give A\ in units of sec.”

cosag = 0;589é EE&/(Z—Z)]]‘/2

1

with E (Mev) the alpha decay energy, r (cm x 1013) the radius of the

product nucleus, while Z and & are the charge and mass number, res-

pectively, of the emitting nucleus.

For a second treatment, the more exact expression of Preston was

ES

used: 14
2 8 ezz'
\= 2v tanqo, exp,[., (ao - sinag cosag)|
To pz + tanzao ﬁv

A in units of sec.™l. oE\1/2
v = alpha velocity = velocity of alpha particle (l + gg) = (if) .
Tro = radius of product nucleus. n
m = reduced mass of system; mg = mass of alpha particle; mp = mass
5 of r;coil nucleus. :
ue = 0.52/E .
o = arc cos (mv2r0/4€2Z')L/2
Z' = charge of product nucleus.
€ = 4.8025 x 1010 egu.
E = total alpha disintegration energy = energy of alpha particle +

This formula reduces tblthe mofeiéimplé form:

log\ = 22 143 +. O 5log E - log ro + 0 510g(—-;——+ log 0,52
n{ .

energy of recoil nucleus + energy of orbital electron rearrange-
ment, :

9.22 tanag

—2Z * tan? a,

_ 1/2 .
Z'rom
_ [ o j Canti-log 9. 8095 - 10][¥]

N

mn+m

in units of sec.™t.
total alpha disintegration energy in Mev.
radius of the product nucleus (cm x 1013).
charge of product nucleus.
mass of recoil nucleus.
mass of the alpha particle. ,
arc cos [Ery/z2'7]) 1/2 [anti-log 9.,77035 - 10].

[ % siﬁaé] , tabulated as £(sindy) in UCRI~1473.%°

cosa,
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Calculations of the nuclear radius were made for nine even-even
nuclides, each having two fecognized alpha groups. Table VI shows the
calculated radii for these nuclides together with the“alpha particle
i energies and partial aipha half-lives used, The values of fO, pro=
gressively decreasing as the région Z = 96,tA = 2 ¥‘l48 is épproached,
ﬁa§'ﬁé5ihdicative of a closed shell structure aftainéauat cm44, Further
investigation of the complex alpha structure in nuelides of higher Z
should clarify this point. |

For all the even-even nuclides, the decay to the excited level
appears somewhat hindered., The hindrance factops listed in Table VI
were calculated using the Preston fc:a:‘n_nﬂ.»za.,:1‘1*5’15’1-6 assuming ZeTo spin
change for decay to both.the ground énd.excited levels and assuming that
the decay to the ground state is not hindered. waever;»Goldhaber and
Sunyar assert that, for even=even nuclides,‘alpha decayvtb the firét eX=
cited level involves a spin change»of twpol7

if the Preston formula is applied rigorously, taking this spin
change into consideration, then.the Qaifmlifé s0 calculated for'decay to
the first excited level is shortenedAapproximately 60 percent from that
calculated without rega%d‘for thé spin change., If this consideration had
been made in using the Preston formula, the hindrance factors_of Table VI
would have been further increased by approximately 60 pefcenfo

In eﬁamining all results, one should consider the possible errors in
the two experimeritally deiefminéd parameteré; the decay constants (depen-
dent upon the abundance of each group); and the aecay energy. 4 10 per-
cgpt error in the experimental halfmlife.determinéfiénlwould change the

radius 5f both alpha groups by about 0.25 percent. 4&n increase of the
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abundance of the lower energy group of any isotope by 3 percent would
increase the radius calculated_for this group by ~0,03 while decreasing
the radius of the higher energy group by ~0.0l, An increase of 0,02 Mev
in decay energy would decrease the radius of any group 5y nearly 1 per—

cent,
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Table VI

_ Aindrance
| Alpha 4 Cz.;.f!.culated 13 Factor =
- Decay . Partial Radii (em x 10-°) T1/2exp
Experimental Energy. Alpha Perlman- ‘ —_
Nuclide Half-Life -~ (Mev) Half-Life Ypsilantis Preston ro=r/4 Ti/2 cale
CmRbd ~20 ¥ 5.939 26,7 y 8.86 9.29 1,495
5.898 80y 8,72 9.15 1.81
Cm42 162.5d 6,253 2114 8,86 . 9.32° 1,504
6,208 706 4 8.70- 9.16 1.97
pu?38 89.6 7 - 5,625 116.5 y 9.89 9.33  1.54
5,585 390 y 8.73 - 9.17 1.96
pu236 27y 5.9 3.38 3 8.93 . 9.38 . 1,527
. ’ 5.84 ) 1305 y 8.75 . 9.20 . 2.11
1?38 4492109y 4.311 - 505x 100y 9,07 943  1.50. -
| | . Le266 - 204, x109y 8,98 - 9.3 o 143
1?36 2,39%x 1077 4,615 @ 3.26x107y 896 9.3 1,520
g . The565  8.85x 107y 8,93 . 9.31 B 1,11
3% 248 x 105y 4.888 331 x10%y 8,96  9.36 1,528 .
| 4 838 9.92x10%y 8,89 . 9.29 t. 1.3
U232 . ~10 y 5, 100y . 895  9.39 - 1.537. f
: o 5,38 233y . 894  9.38 11,05
™32 1,39x100y 4.03%  1.83x100y 8.9, 931 1.5 . -
L 4019 579x%x1010y 107

894

9.9

#Spectrometer data of &saro.]?,s

‘0g=
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Photomicrograph illustrating conversion electrons in coincidence

with alpha particles.
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Fig. 3

Rear - NaOH desiccator with circulation for
rapid drying of plates.

Front - Transfer of plate holder between beakers
containing developing and fixing solutions
provides simple but excellent processing.
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