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SOME SHORT-LIVED ALPHA EMITTERS IN THE

NEIGHBORHOOD OF POLONIUM 211

Fred Noel Spiess
Radiation Laboratory, Department of Physics
University of California, Berkeley, California

ABSTRACT
Three short-lived alpha emittgfs resulting from alpha particle

bombardment of lead have been studied?‘ They hayewbeén identified’

211 (T

as Bi = 2,16 min,) and two states OfvPOZl} (T1/2~= 25 sec,

1/2

and 0.52 sec.) by means of chemical separation, excitation functions,

half-life measurements, and measurements of the energies of the e-

- mitted alpha particles. The half-life of Po211 as it occurs follow-
-ing the K-capture decay of 4t nas beenhmeasured for the first

time, and is 0.52 sec. rather then the 5 x 107 sec. widely quoted

in the literature. The energy measurements indicate that the 0.52

second state is the ﬁpper state of P02112 with an excitation energy

of about 0.3 Mev. A group of alpha particles of about 9 Mev enérgy ‘

has been observed.but not identified further.
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SOME SHORT-LIVED ALPHA_EM;TTERS ;N THE
NEIGHBORHOOD’OF‘POLONiﬁM'zll_
| Fred Noel Spiess
Radiation Laboratory, Department of Physics
University of California, Berkeley, California
II. INTRODUCTION
A great amount of work has been done on the_measuremeﬁt of the

properties of various alpha particle emitters, and'alsp on the investi-
gation of the various nuclear reactions by which they can Ee produced}’ 2

In particular, reactions involving bismuth as the target element have

- been intensilvely studied?’ 4 5 On the other hand, reactions involv~

ipg lead as the target material have not been as thoroughly investi-
gated, in part because of the difficulties inherent -in working with
a mixture of seversl isotopes. This paper rgports the investigation
of éome rather short-lived alpha emitters which are produced when
lead is bombarded with alrha particles of from 20 to 40 lev,

In these experiments it has been found that the half-life of Pozll,

for many years quoted in the literature as 5 x 10-3 seconds, is in

‘reality 0.52 seconds. . &n isomer of P0211, hitherto unobserved, has

been identified, and several reactions for producing picll and the

two states of Pozjfl have been studied, “In addition, a group of long
range (9 Mev) alpha pérticles has been observed to result from bombard-
ment of;lead‘wiih alpha particles,

Initially it was observed by M. Weissbluth* that, upon bombard-

-ment of lead with 38 Mev alphas from ﬁhe sixty inch cyclotron at the

University of California Crogkef Radiation Labo?atory, one alpha ac-

tivity with half-life of a few tenths of a second, one with about

‘half a minute and one.of several minutes half-life were produced.

* Private communication.



“5=

An examination.of the pBSSiﬁle products of such é bombardment showed
that any of ﬁhe,followihg migﬁt coﬁceivabﬁy héve been ﬁade, as shown
in the isotope chart, Fig. l:* Polonium isotopes’ ranglng from PoRll
{(from the a,n reaction on Pb208) to pol04 (from the a,An reaction on
Pb204)~and bismuth isotopes from Bi211 (from a,p on Pb208)_to pi204
- (from a,p3n on Pb?oz*)c The reason for the restriction to reactions'
involvihg the emission of. four particles or less is that the thres-
hold for.five particle emitting reactions is about 40 Mev. Actually,
exploratory experiments showed that,ail three activities could be
‘produced at least as low as 24 Mev, thus ruling out also the'emiésion
_of eithef three or four‘particles, as shown in Table 1, and narrowing
the range of possible products. Althqugh several reactions involving
the emission of twb»protons'or an alpha from the compound nucleus
-are enérgetically possibie,~these were not .considered inasmuchhas

the large barrier-penetfation factors woﬁld lead to quite small cross-
seétions and also since these would all give rise to lead isofopes
among which there are no known alpha emitters, Among the possible
productég the alpha emitters known before this in&estigation were
listed in the NBS Bulletin on Nuclear'Détagas having the character=-
isties shown in Table 2,

The procedure followed in determining the reactions involved

was as follows, Firgt, some exploratory experiments were made which
showed that the half-second activity had an alpha energy of about
.7.5 Mev and that all three activities were produced ovef a. wide range
of bombarding energies. Next, actual yields were measured for the
production of each activity from ordinary lead at several bombarding

energies, and simultaneously somewhat more exact measurements of the
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Thresholds for Reactions Possibly Occurring

3

With 40 lev Alpha Particles

_ from Reference 7.))

Emitted

When Pb208 is Bombarded

_ (Masses.of.the heavy elements are taken from Reference 6.

(These

-results agree within a few tenths of an Mev with values calculated

fectope  Hase Particles! ‘Sum ?igie;iggg ggigs-
Mass | +a {liev)
Pb208sg. | 212,05212
P12 212,06123 212.06123 911 8.5
Polll ' 211.05917 - (n)1.00893 212.06890 1598 14,9
Po?10 210,05504 (2n)2.01786  212.07290 2078 19.3
P09 209.05384 (3n)3.02679 212.08063  2851. 26.5
Po208  208.05100+ (4n)4.03572 212,08672+ 3460+ 32,2+
Po?0T . 207.05037+ (50)5.04465 212.09502+ 4290+ 39,9+
Bi?tt  211.06037 (p)1.008l2 21206849 1637 15.2
1210 210.0530 (pn)2.01705  212.07335 2123 19.8
81209 209.05225 (p20)3.02598  212,07823 2611 24,3
Bi20®  208,05036 (PI)4.03491  212.08527 3315 30.8
1207 207.0488+ (pdn)5.0438% 212.09272+ 4OGO+ 37.8+

+ designatés'an'unknown'amount;of.ehergy.invblvéd1in¥K-capture.

- Table 1.
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Alpha Emitters known prior to this Investigation among the Possible
Products of Bombardment of Lead with 38 Mev Alphas

(Data teken from Reference 8)

210(Rad1um E);

4,85 day3~; K. Siegbshn, H. Slstis; Arkiv. Mat. Astron. Fy51k 344,

No. 6 (1946) :
Rare a branching; E, Broda, N, Feather: Proc. Roy. Soc. 4 190, 20 a947)
a energy 5.02 llev; Neumamand Perlman; Unpublished data (1949)

Bi?ll(Actinium C)
' % .16 ?1nute a; Int. Rad. Stdsa Comm. Rep't; Rev. liod. Phys. 3, 427
1931 ST
a energies of 6. 272 (20%) and 6.618 (60%)
Rutherford and Williamsj Proc. Roy. Soc. 4 133, 351 (1931)
Rosenblum, Guillot and Perey; Comptes Rendus 2 ggg 1974 (1936)
Holloway and Livingston; Phys. Rev, 54, 18 (1938)

P0205 _ '
1.5 hour a; a energy 5.2 llevy; Karraker and Templeton, Unpubllshed

(1949)

poR06

9 day K=-capture and q; g emission lO%, A energy 5 2 Mev
Templeton, Howland and Perlman; Phys. Rev. 72, 758 (1947)

poR07
5.7 hour K-capture; o about O Ol%, Q. energy 5.1 Mev
" Templeton, Howland and Perlmap, Physc Rev. 72, 758 (1947)

o208 . o

3.0 year a; Kelly and Segrs; Phys° Rev. 75, 999 1949)

a energy 5.14 Mev; Templeton, Howland, Perlman; Phys. Rev. 72 758
(1947) .

Po209 _ ' S . .
about 200 year a; @ energy 4.95 Mev; Kelly and Segré; Phys. Rev.
755 999 (1949)_ ' ‘ . ,

Po?10(Radium F) | ~ :
138 day a; Beamer and Easton; J. Chem, Phys. 17, 1298 (1949)
a energy 5.30 Mev; Holloway and Livingston;- Phys. Rev. Qé, 18 (1938)
" W. Y. Changj Phys. Rev. 69, 60 (1946) -

211(Act1n1um Cct)
5 x 1073 sec. @ Ebhanged to 0.52 sec, by this papef]
Int., Rad. Stds. Comm. Rep't; Rev. Mod. Phys. 3, 427 (1931)
a energy 7.43 Mev; Lewis and Bowden; Proc. Roy. Soc. A 145, 235

(1034)

Table 2.

LY
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half-lives were made. After this, lead targets. enriched in various

isotopes were bombarded to determine the cross-section variation as

. a function of isotopic concentration at several energies., At this

- point it became evident that the particular nuclide involved in all

three cases was Pb208 and from half-life and excitation function the

211y From excita-

longest-lived activity was probably Actinium C (Bi
tion function the shortest activity (halfasecond) appeared to be the
result of an a,n reaction, which would give Po?ll, The approximate

energy for the half-second activity was in agreement witﬁ this, but

the half-life of poRil (Actinium C') was found never to have been

measured, so the next step was the measurement of the decay constant
T of Pozll‘aé'it oCcufs in fhe decay of At21l, This showed a half-life

- of 0.52 secénds,"aé'opposed to the 5 x 1073 seconds predicted from

the Geigéf ~ Nuttall law. Thus the short-lived aéfivity was clearly
Po?ll from the a,n reaction on Pb208,

Following the determination of the Actinium C' half-life a series

" of chemical seﬁaratioh experiments was run which'showéd that the long-

. est-lived activity was blsmuth and the 1ntermed1ate one was polonlum°

This fact coupled with the lack of variation in relative yleld with .

changes in 1sotope concentration at low (19 Mev) bombardlng energy

" indicated that the 1/2-second and 25 second acthltles probably re-~

sulted from an a,n reaction on the same lead iéotope, and hence were
isomeric. At the same time the half-lives of the two longer-lived

grbupS'were aécurately“determined.as 2.2 minutes and.25 seconds,

vresﬁectivelya' This confirmed the assumption that thé lohg—lived

activity resulted from the reaction PbR08(q,p)Bi?1l,
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The final stages included the accurate measurement of the’élpha
decay energy associated with the 25 second decay period and the in-
vestigation of other reactions (bombardmént of bismuth with'protons,
alphes and deuterons) by which the 25 second activity could be pro-
duced. In the coursé of these energy measurements a 9 lev élpha

" group of unknown origin was found.

ITI. CROSS-SECTION MEASUREMENTS

4, Bxperimental details

The experimental arfangement used in.meésuring the cross-sections
for‘produéﬁion of thése.activiﬁies a£ farious energies can be divided
into three sections; Beam coliimating.and measuring system, ioniza-
tion chamber for observingathe resulting aétivity and the racording
_Iénd'controi system. Each of these is treated separately below,

1. Beam Collimating and Measuring System., This system is sub-

stantially the same as that described by E. L. Kelly'and E. Segré? _
.It is shown coupled to.t?e ionization chamber in Fig. 2, and consists
ofjan evacuéted tube down which the cyclotron beam can travel, a ro-
tating absorber carriage and a Faraday cuﬁ. These ‘are arranged so
fhat the deflécted gyclotron beam,:upon emerging from the exit port
passes throﬁgh a‘slit at one end of a pipe about 70 cm long and 7 cm
in diameter. At the other end of the:pipe there is a second colli-
imétingvslit; Since the entire system_is located in the fringing
magnetic field of the cyclotron (of the order of 2000 gauss) the ,
pipe ié providéd witﬁ three Sylphon joints, one at each end and,one
at the middle to ailow the slifs to be oriented properly to pick up
the maximum beam current. Tﬁe combination of slit system and mag?
netic field thus provides a velocity selection which insures a suf-

ficiently monoenergetic beam for the purpose at hand.
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Imrediately behiod the second slit ie a rheel which can te'ro~
tated to place any one of twenty absorbers in the beam patho The
absorbers used were punched from alumlnum foils whlth a dle whose
area was known to flveAparts in a thousand, and the foils were then
teighed to 0.1 hg in order_to:determine theirndensityq, The wheel.was
erclosed in a vacuum tigot casing which opemsd into the pipe? E

The beam current was measured by collecting the current from

a Faraday cup in which the beam was stopped. The dimensions of the

cup were such that;, in the fringing cyclotron field, no secondary
electrons liberated at the back wall could escape collection° The

entire system of plpe, foil wheel and Fardday cup were connected to

»the cyclotron tank vacuum systemo The current was measured by means

of a DOCc ampllfler to be descrlbed below°

Use of thls system reduced the useable deflected beam by about

.a factor of one hundred' from that avallable at the exit port (from

3' 10”5, 10”6 to 10”7 10-8 amps), thus in order to measure the cross-

sectlons at low energy (21 Mev or less) more beam was needed., This

was obtained by using a shorter pipe and discarding the f01l,wheelo
The beam was allowed to pass through a window at the back end of this

4shorter pipe and traverse 10 cm of air before entering the front win-

dow of the ionization chamber to traverse the target and enter the
Faraday cup. The necessary absorbers were placed behind the window

on the pipe. Using this arrangement as much as one quarter of the

deflected beam passed through the target.

2° Tonization chamber, The 1on1zatlon chamber used was basie= -

ally a parallel plate chamber with a Frisch grid. A schematic draw-

ing of the chamber is shown as Fig. 3 and photographs are shown in
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Fig. 4; The'main difference between this and other chambers pre<

' Viously used was that the sample holder was.mounted on'ohe end of

a sliding rod, which allowed the target to be placed either in the -
cyclotron besm, which passed through a portion of the chamber, -or

in the active velume of the chamber, or in an intermediate posi-
fion in which the sample in the holder could be replaced with a
differeht sampie previously loaded in the target changing magazine.
The sampie holder w;s driven from the counting to the bombarding.
positioh aha'back again by the action of compressed air 6n e pis;
.tonheonnected fe the.external ernd of the drive rod. The transif
time from'one.positicn to the ether WaS'about 0.1 second. The beam
.enteredian ektension of the chamber through a one mil Dural‘windOWQ -
traversed evshort path in the gas of the chember and_passed out

: through'a second one mil Dural‘window into the Faraday cup. The

_rrlnCLpal dlmen51ons and arrangement of electrodes are shown in Flg. 3. -

hlectron collectlon Was employed and the grid to. plate voltage :
,ratlo used was. such as to ellmlnate electron collection at the. grld9
. In order tO‘Obtdln fast rising pulses the_chamber was fllled with a
minure ef about 95 percent‘argon and 5 percent 002.10 TheApreSSure
.of the gas used was dictated by the range of the alpha partlcles in-
volved and the leen31ons of the chamber, and in most rune 'asibetweenv
' 20vand 25 pounds per square inch, gauge’pressure.
The pulses were ampllfled by a pre-amp and ampllfler’system

hav1ng a rise time of about 0.1 micro-seéconds. The pre-amp was Oper-
veted ih the frihging hegﬁetic field of the cyelotron, where the inten-

sitY'was about a thUSand gauss. At first the iron tube shields
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previously employed when the pre~amp had been operated in smaller

fields were used, but without much success. The final setup had

no magnetic shielding, but utilized instead the fact that the 64K5's
used could be orienﬁed in such a manner that the principal electron
flow was along the lines @f force of the field., TUnder these con-
ditions the amplification remained virtually unchenged when the
cyclotron magnet. was turned off. or on.

The target changer built into the chamber cou}d be loaded

with»fivé.targets in addition to the one originally placed in the

" holder, thus making six different samples available without opening

the chamber, Once a target had been replaced it could not, however,

be returned to the holder without disassembling the chamber,

A collimated Po?10 alpha source was located in the chamber on

. the end of a rod passing through the chamber wall., Since the source

could be rotated to point into or away from the active volume, it

_provided a beam of alpha particles which could be turned on or off

at will.in order to check the operation of the system.

Sqme difficulty was expéiienced initially in finding a material
éo insulate the actual target holder from the piston and drive rod
assembly; The material had to be a very good insulator and at the
same time able to withstand the severe mechanical shock which oc-
curred‘wheﬁ’the_héider waé.shot back and forth. The material fin-
ally used‘was Téfloﬁ,‘which.saﬁisfiéd ﬁhé.réquirements coﬁpietelyo

. 3o Recording and Control System. The principal_element of the

control system was a time motor which, ihrsequence, turned on the
beam current recorder, opened the air supply to drive the target

into the beam, shifted the valves to drive the target back into the
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counting position, turned off the cyclotron and turned on the scaler,
The duration of the bombardment could be pre-set for between one-half
and two seconds, or controlled manually to allow for longer bombard-
ments.,

The recording system was built around a Brush Recorder. This
-consists of de, fast, recording'galvanometeré'mounted to write side
'by side on a single paper tape. The available paper speeds were 0.5,

2.5, and 12,5 cm ﬁer sec. The usual procedure was to amplify the
Faraday cup current with a.D;C° amplifier also made by the Brush In-
'strument Compaﬁy and to feed this as the input to one pen and the out-
put from the pulse amplifier, scaled down by a faétor“of 4, 16 or 64,

" to the othef pen. .In addition a signal was supplied to the latter

ren to indicate the time at which the targét entered and left the beam,

4, Targets. The fact that ordinary lead is coﬁposed of a mix-

ture of four iséiopes meant that, in order to determine the cross-
sections for production of each ofvthe unknown activities several
samples df:different isotopic concentratioﬁ'had‘to be used. Thqse
actually employed were ordinafy lead, radiogenic lead,vleéd enriched
in 208 and lead enriched in 207. The compositions df‘theée are

given in Table 3.

‘ Table 3 -
7 Isotopic Concentrations in Lead Samples Used
. Ordinary Radiogenic Enriched in 207 Enriched in 208
%204 - 1.3 0,07 0.6 0.2
%206.  25.2 93.3 : 7od 1.9
%207  21.1 6.0 ' 60.0 7.8

%208 52.4 0.6 ~ 30.0 90.3
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The ordinary lead targets were made hy eVaporatlng a thin
layer of lead onto one mil alumlnum 1n a hlgh vacuum chanber° The
aluminum disks were cleaned with acetone and &lcochol and then_weighed
to O Ol mg on an assay balance. They were then placed-in the evapor-
atlon tank at a dlstance of about 18 inches from the fllament from
which the lead was evaporated After the evaporatlon the disks
_were welghed agaln to determlne the amount of lead depos1ted The
samplesdused in measurlng the cross—sectlons were about 0.3 mg per

cm2 thick while those used,in the energy measurements were between

0.08 and 0. 09 mg per cm2

Slnce several grams of radlogenlc 1ead were on hand a standard
electroplating solutlon contalnlng an excess of lead over the a-
.hount tovbe plated outvwas used. The lead was plated cn copper,
.and showed a fairly uniform appearance, although not quite as good
as the evaporated targetsn The sample used was 0.5 mg per cm2°

Only a very small amouht,of the,enrichedbe207 and PbR08 were
available andfthus'the-method used for plating the radiogenic lead
was hot easily applicable, The technique used was to dissolve the
Pb in a warm HNO3 solution‘to prevent the lead from depositing at
the .cathode .and then plate out FPbO, on platinum or rhodium foils at
the anode for the targets. The material was not deposited quite as
unlformly as in-the method for plating the radiogenic lead, and it
had a strong tendency to flake if the f01ls were flexed even slight-
ly. A4 few drops of dilute Zapon solution were applied to the sur-
 face after platingand w:eighing' and this eliminated the flaking

troubleo
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In some parts of the experlment bismuth foils were needed,
also. These were prepared in exactly the same Way as the ordlnary
lead targets; by evaporation,
B,. Results ) |

Severalleeries of measurements'werejmade, includiné the bombard-
ment of all foﬁr‘types of lead samples (Table 3) with alfhas and the .
bombardment of bismuth w1th alphas, protons and oeuterons, all at
several energles below the maxima avallable from the 51xty 1nch
. cyclotron (40 Mev alphas, 20 Mev deuterons and 10 Mev protons) The
‘data were treated as outllned in the Appendlx (Sectlon VIII) to
yield typical decay curves, The curves were then peeled back and
rethe component for each half-life was extrapolated to the tlme of the
end of the bombardment to determlne the amount of each which had been

produced

Absolute cross- sectlons were determlned uslng the formula°
o thﬁq
A, LIE(1-e~MT)

j'is the desired cross~section in cm2, 'hj,is the decay

constant in secfl, NOj the total number of nuclei whose decay could

be detected, A is the atomic weight, 2. the surface density (gm/cm<)
S .

In this o-

of the target material and L is Avogadro's number. q is the charge
on each bombarding particle, I is the average current and T is the

duration of the bombardment. Actually I is defined by

. o (T e
1(1-e~"Ty = %je‘ JT/é i(t)ehJTdt

£ is the efficiency of the counter. This was taken to be 50 percent

since the corrections for absorption in the target and for back-
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scatterlng, as'calculated from the equatlons given by Ross1 and
Staub, 10 proved to be less than one percent

Inasmuch as the samples made by electroplatlng were not com=-
pletely unlform in dens1ty, the cross—sectlons quoted here are
those determlned from evaporated natural lead (targets° Tbese
have been calculated to give the crossesectlon/for_production of
eech actirity from alpha particlehbombaroment_of pure Pb?os, us-
ingA52 percent as the abumdamce of this isotope in natural lead?
and are listed in Table'4°_ Bombarding.energies were calculated
11

from the Al range=energy curves of Arom, Hoffman and Wllllams.

Varlous mlscellaneous cross—sectlons are llsted in Table 5.

.This includes llmlts on the cross~sectlon for productlon of each

of the three act1v1t1es from alpha bombardment of radlogenlc lead”

..{93 percent Pb206)'and from proton bombardment ‘of bismuth, These

L)

llmibs,.taken in comjupction with the data in Table 4, rule out
thelppssibility that the aotivities_involved could arise from
isotopes of mass number less than 210. The deuteron on biemuth
cross=sections make it improbable that mass numbers of 210 are
involved also. Table‘5 shows,fin addition, cross=sections for
formation of the>25vseoo activity from bombardment of  bismuth
with alphas. These were measured by bombarding thick (about 15
mg/cmz) blsmuth targetsband calculation the cross-sections rela-
tive to those for production of At211'as determined by-E. L. Kelly
and E. Segré°5 Correction was made for the difference in count-
ing efficiency for tbe various ranges of alpha parbicles in-
{rolvedolo The eignificance of these cross—sections as compared

with those in Table Z.will be discussed in Section VII. '
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Finally, in order to obtain quantities independenf of the
fluctuations in distribution of the.taéget'matefial in tﬁe case
of the electroplated enriched 1sotope targets the relatlve ylelds
for two activities {(always 1nvolv1ng the 25 sec.‘act1v1ty) were
determined as shown in Table 6., Once the 2.2 minute and 0.52
- sec, activities had been identified this infermatieg:could be
used‘(Seetieﬂ VIi) to aid in identifyiﬁg.the“reaeyiey‘invoived iﬁ"'
production ofvthe 25 secondvdecaf peried° At eeeﬂ eeergy the
ratioe quofe& inﬁolved bombarament with approximeteiy éeﬁstAAt‘

current for the same length of time (30 seconds)vfor.each targeto

1

- Table 4 -
Cross-Sections in Millibarns (10727 cm ) for Alpha Particle Bombard-
ment of pure PbR08 (using 52% as concentration of szo8 in natural
lead) to produce the activity indicated. S :

Bombarding Energy {Mev) = 0,52 second" .25 second ‘2.2 minute

18 26 0.01 . = <0.0L ---
20 S . 4.8 , 0.17" ¢0.01"
21-1/2 . 95;.80 . 2.3 - .<0,01°
23 - V7% R A 0,01
24-1/2 . . 304 . 5.5 0007
26 o | 24,7 AT 0.11
27 S 1285104 3.45 2.0 054
28 : 9.6 i
30-1/2 e 8.2

33-1/2 s

36 R 5.2

37-1/2 ' »4,8

39 ' - 4l . 2.2; 2.4 3.8; 3.6
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'Table 5

" Cross-Sections in Millibarns (10727 cm?)
for Production of the Activity Indicated.

Boﬁbardingv ) o .
, Target - 0.52 sec, 25 sec, - 2.2 min,
Partlcle Energy (Mev) | 7 v
Alpha R T - S
.  Alpha TR Bi o B 0.3
Mlpha 34  Bi”_‘ | 044
Mpha  3s/2 B 0.6.
mphe 39 B 12
Protoné'i -16 | ‘Bi_ 1v <0. 05 . <0,05 - <0.05
Alpha 39 Radlogenlc Pb <O 1 <0.1 " <O;l"
beuteréns _v. 19 Bi  <0.1 <0,003
Degﬁerons : 15‘ - Bi :’“ <0.07  <0.001
:béﬁt¢¥ons' 12 »_ ,fﬁBi B _A<d,02 0.01
Table 6
Relative Ylelds from Alpha Partlcle Bombardments -
of Lead Targets. - :
Boﬁbérding Raﬁio | _ . _ Value for
y : : ' S o Pb enriched | Pb enriched|
) Energy (Mev) Tabulated . Nat'l Pb | in 207 ~ |in 208
v 35 o Mmm%;’ 2A! 20 |22
20 ) | Mgsas . 3.3 3.8: 3.4
18 C | Mg 50/N0s 9.6 . [10.0: 10.5
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v, MEASUREMENT OF ACTINIUM C? HALF-LIFE

-_ After the cnoss sectlon measurements had been made it became
‘apparent that the short-lived activity had an excitation function
like that for an'd,n reaction on PbR08, TIn addition, the rough ener-
gy measurement had shown that these were about 7.5 Mev'alphas, Both
these pieces of evidence pointed out pooil as the product; hCWevef
the half-life measured here (0.6 + 0.1 sec.) was not at all in agree-
ment with that listed.in existing tables‘(5 x 1073 sec.). An exam-
ination of the literature finally showed that the quoted value had
merely been estimated from the GeigeréNuttall law many years ago.
At this point it was‘obviously necessary po measure the decay constant-
“by some experiment'independenp ofvthe production from_lead.’ | |

A convenient source of Polonium 211 for'this;experiment was

At211° Thls decays both by direct alpha emission to B12O7

and by
K-capture to Po‘?’l;° The alpha branchlng ratio is 0,40 and the half—
life is 7.5 hours®. The energy of the At<1l alpha (5.9 Mev) is suf=
ficiently different from the 7.43 Mev of the fo2ll'alpha to make
dlscrlmlnatlon by means of range relatlvely s1mple,. At first glance
two methods of approach presented themselves, One nas to measure
_;delayed coincidences between_the X-rays accompanying the K-capture
*_and'the‘subSeqnent’alpha'emiSSion from the szll, Thls would be ap-
pllcable if the half-life were of the order of a hundredth of a -
second or less. The other was to. try to flnd a sultable method for
separating the polonium from the astatine rapidly. 4As it turned out,

a separation procedure,wsuggested by A. Ghiorso*, was available, so

_this method was tried.

* Private communication.
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The separation process was based on the fact that while polo-

- nium will stick to platinum at a dull red heat, the astatine evap-

orates off quite easily.
The experimental arrangement consisted of a platinum filament

about one centimeter wide and five centimeters long inserted in an

electrical circuit which could, by means of a motor driven switch,

provide reproducible current pulses of about one twentieth of a

second duration. Two different thicknesses of platinum were used

(1.2 mil and 0.7 mil) in order to detect-any possible effect due to

different heating times. The filament was mounted on a sliding

holder in order that it could be positioned either over or away

from the thin window of a methane flow proportional counter., The
~ counter window was covered with three one=quarfer mil sheets of

aluninum, which, combined with the air path and the window thick-

ness was sufficient to cut out the 5.9 Mev A4t211 alphas. The counter |

output was ampiified and fed to a scale of 64 or 1000 from which out-

put pulses were recorded on the moving tape of a Bfush Recorder.

'A The astatine was made b& bombarding a thick bismuth target
with alphas from the 60-inch cyclotrdn° ‘Thevbeam energy was fe=
duced to about 28 Mev with aluminum absorbers in order that no

210

" would be formed to give rise to a Po background, The bis-
muth was then heated in a vacuum and the evaporating astatine was

caught in a liquid air trap. The astatine was dissolved in nitrie

acid., ;For_each run alfew drops of this solution were put on the

.platinum‘fiiament'and allowed to evaporate to dryness. The amount

of astatine used was such as to give an initial counting rate of
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20,000 to 40,000 counts per minute through the absorber,
The‘procéduré was to poéition the filament awéy froﬁ~£he
counter, pass'a.singlelpulse'of current through it fo driﬁe éff
" the astatine and then slide it over the counter window in order
to observe the decaying Polll activity which would be recorded
on the tape of the Brush Recorder. Two runs were made in in-
>vefSe fashion By pefforming the evaporation over the counter win-
dow, catching the astafine on a thin Silver foil placed ovér-thé
counter window, and then removing thé polonium laden filamént in
order to watch the activity grow intp the.astatiﬁe dgain with fhe
apprdpriate'half=lifeo
‘The Brush Recorder daﬁa were aﬁaiyzed using the method.de;_
séribed in the Appendix (Seéfioﬁ VIII) and thevreéulfing half-life
wes determined to be 0,52 + 0,01 seconds.. A section of thevéfﬁsh
Recorder tape for one run is reproduced in Fig. 5 and the.resulfsv
of two runs are plotted in Fig. 6. |
vThe‘disagreement bétween this value and that estimated from
the Geiger=Nuttéll law; while’large,‘is ﬁdt.ﬁafticulafly‘surprising
in view of the behavior of qther ﬁuclei‘having valués of Z and N in
‘the vicinity of 82 or 126 12, |

A thorough investi’g‘at"ionl of the characteristics of the many

known alpha emitters shows that there are certain regularities pre~ -

sent, In particular, for nuclei of‘eVeﬁ 7 and even N, with 2% 86
and N2 130 the relationship between decay energy. and half-life is

a very smooth one, KaplanlB'has shown, in fact, that if the Gamow

1

barrier penetration theory is used in the form given by Preston

to calculate the nuclear radius of the daughter from the known Z,

i
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decay energy and half llfe of these nuclel, then the radii of the
daughters fit to withln a few percent the relatlonshlp 1, 57Al/3
x 10713 cmo* Using thls expression for the radius in Preston‘

‘ formula14 one obtalns for the calculated half=llfe of Po211 the
value 8.4 x lO 4 gec,

One p01nt to be remembered,_however, is made clearly by .Perl-
mau, Ghiorso and Seaborgl; .Nauely“that, in general, alpha decay
of huclei having»eithervodd Z_or N or'both is forbidden relative
.to that of-their even—eveu neighborso The.Gelger~Nuttall law as
stated for the Actinlum Series should contain an average correction
for this fact sihce lts eupirical basis is a group of odd-even and
even»odd nuclei, thus accountihgdfor the’dlscrepancy between the
old predictedivalue of 5 x lO=3 and the calculated one ofv8 x 1074
-eecondse. | o B

—Adsecohd conSideratiou is that’in the vieinity of Z = 82 and
126 the degree of forblddenness 1ncreases, and the even»even.
nuclel themselves fall to agree w1th predlctlons based on the sim-
ple Al/3 radius relatlonshlp° Presumably this second effect is due
t least in part to an actual shrlnkage in the nuclear radius be=
low the A /3 value, due to the strong blndlng in the closed neutron
jahd proton shell conflguratlons° Thls effect makes the half- llfe
of P°2lO about 30 times as long as the simple theory would predict
a@dmln_Pozo9 thevtwoveffects.make the half-1ife about lSO times as
long as.would be - expected: -

Thus the fact that the Posil half-life is observed to be 620

times as large as predicted fits roughly with the pattern of its

* Perlman and Yps11ant1812, using a more approximate form of the

theory find r = 1 4881/3 x 10’13 cm,
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neighbors and can be attributed to its even-odd character and the
pnoximity of its daughter'(Z =82, N = 125) to the closed.shells
at 2 - 82 and N = 126 where an actual shrinkage in nuclear radius
is to be expected | | |

The p0531b111ty that the 25 second act1v1ty mlght be isomerlc
with the 0.52 second activity 1nd1cated that addltlonal runs should
be made in order to find out whether the 25 second perlod mlght be -
present in the Po211 as it occurs upon decay of Atzll The best
such run showed a countlng rate, dlthout correctlon for the losses
at this rate, of 465 000 P0211 counts per minute prlor to evaporat-

1ng “off the astatlne° After separatlon, the half- second actlvity

_~wes'ellowed to die out and the steady background counting rate which

-
ot --

resulted wss 520 counts per minute;lwith no sign of any decey over
a period of'sevefal minutes. .This\wonld indicate that the;maximum
counting rate for the 25 second act1v1ty present before dr1v1ng
off the astatine was less than about 50 counts per mlnute, or about
O 4 times the oountlng rate for the normally occurrlnguect1v1ty.
Both the O 52 second and the 25 second act1v1ty, 1f any, would
prlor to separatlon, be in secular equlllbrlum w1th the parent Atzll
Thus the ratlo of 25 second to total Po2ll act1v1ty at zero time
Ewould be identical w1th the fraction of the At211 K=captures going

to the state hav1ng the 25 second half -life, i.e. less than 10"4

¥

V. CHEMICAL SEPARATION EXPERIMENTS . .
These expefiments were made in order to determine the element
to which each of the two longer activities should be assigned, It

could be assumed that after a bombardment the heavy elements present
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in the target would‘be lead, bismuth and polonium, Two different

Separations were made° .In the first, polonium was extracted from

the combination and the twenty—flve second act1v1ty was observed to

go with the polonlum fraction., In the second, blsmuthgand polonium
together were separatedvfrcn the_lead, and in this case both the
130 second and the 25 second'actdvities were in the bismuthépolo—
niun portion. .

| In‘bcth methods the targeu material was lead carbonate, since
it was easily_soluble in either varm'hydrochloric or nitric acid,

A slurry of the carbonate was spread on a strip of 10 mil aluminum

end allowed to dry. It was then covered with 1/4 mil aluminum in

crder that the active material wculd not be lost during the trans-
fer from the bombarding area to the working area,

The target used is shown in Flgs° 7 and 8 In this assembly
the target materlal was attached to a piece of aluminum rod which,
upon completlon of the bombardment was blown by compressed air
thrcugh_a pipe to a point‘cutside the cyclotron'shielding where
the chenicai and counting equinment were set up.

The counter used was a nefhane flow proportional counter into
which the samples.could be inserted rapidly by means of a tight

fitting'sliding panel, The output pulses were amplified and then

fed to a scale of 64, The scaled down pulses were recorded on the

Brush Recorder described 1n Sectlon III

The analysis for polonium15a was falrly s:unple° The lead car-

bonate was dlssolved in hot, 51x normal HC1l contalnlng l O mg per

11ter of B1 as a holdback A piece of silver foil was 1nserted in
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the solution and stirred in it for about one minute,»after which
it was remored,.Washed with distilled water and finally counted
in the proportional counter. ‘This process could be completed with
sufficient rapidity to give an initial counting rate of more than.
600 counts per minute of ihel25 sec, activity following a 30 sec-
ond bombardment at about 2 microamperes of 30 Nev alphaeo

Tbe separetion of polonium énd'bismuth from leadl6 ment as
follows. The PbCOB was dissolved in about 5 cc. of hot HNO; and
‘abotit 20 mg of Bi in solution was added° Tbe.solution was boiled
to concentrate the.HNog,.at which point a large part oftthedleadi
precipitated as PbN03° The solution was decanted into a centriét
fnge done containing‘NaOH to neutralize the HNO3 and then ﬁwo drops
of a 1 percent solutlon of Thlonalide (Thioglycollic Acld49=am1no
napthalide) were added. This preclpltated the Bi as an organlc
complex which carried the Po with it. .The SOlution was centrifuged
and the'qunid was poured off, The precipifate was first washed
and fhen'compietely dissoived'in acetone., Tbe acetone solution
was then dropped onto a hot platlnum disk to evaporate the 11quid°
The disk was then flamed and flnally placed in the proportlonal
'countern This process was completed in about 4 minutes from the

end of the bombardment which was fast enough to allow observatlon

of the tail of the 25'second act1v1ty after a bombardment at 25 Mev,

The method given by MeinkelP

forvseparating Bi and Po from Pb
by chemical plating on Ni was tried. Ai%hough both decay periods -
could be crudely identified, the yielde obtainable in the available

times were not sufficient to give counting rates comparable to those
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obtained by Prodinger's methodléo

The datayobtained‘from the polonium extracﬁions sﬁowed the
half-minute actiﬁity clearly. This allowed én opportunity feor an
‘accurate déterminaﬁion of the half-life of the hélféminute mode of
decay, which turnéd out to be 25 seconds. After decay of the 25
second activity only a éteady.countihg rate (about 300 counts pér.
minute, attributable to the Pozlo)‘ﬁas oﬁserved, with"no trace of
2.2 minuté activity. .Thué ﬁhis experiment indicéted that the 25
sécond'decay period should bevassigﬁed to some.isotope of polbnium,
while thé 2.2 minute activity should not. | |

The results 6f tﬁe Po and Bi-extréction clearlj showed botﬁ
the 25 second aﬁd the'longef activity, whose half-life was,acéua
rately measuréd as 2015,minutéso. Here the 2.2 minute activity wés
presenﬁiin ﬁhe;separated saﬁpie‘ﬁiph a'countipg rate (extrapolatéd‘
“back to the end of the bombardﬁent) 640 times as gfeat as that of

the P0210

, in contrast with the poloniﬁm separation»experiment in
“which the samé ratio wes less than 0.4, Thus the 2,2 minﬁte materi-
al was apparently a bismuth’isdtopé, and the agreement between the
observed half-life and that known for Billl (Actinium C) (Table 2)
indicated that this reaction ébﬁld definitely be assigned as pp208

(a,p)Bi?ll,

- VI. ENERGY MEASUREMENTS
It was paturallyvdesirab1e to learn the energies of the alpha
particles emitted by the various. isotopes involved in this 'experimeht°
In_the first place this could aid in identifying some products and,

in the case of previously unknown products, this would be a valuable
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additional piece of information.

The equipment used was the argon.filled parallel plate ioni-
- zation chamber, with Frisch grid, described in S?C??OH;III:“As 2.
fhe parget holder was driven back and forth withvargoh in order to
avoid,the possibility of inproduoing smsll amounts ofvoxygenvinto
the:chamber? _

The output pulses from the chamber were amplified by a linear
amplifier and the output of the ampllfler was fed through a delay
line (40 or 60 feet_of RG65U) to the y-deflection plates of a Du-
Monp 248 oscilioscopeo The same pulse.was put through a pulse
shaper and discrlmlnator to prov1de sharp pulses to trigger the
rdrlven sweep of the scope and square pulses to 1nten51fy the trace
brlefly° The pulses dlsplayed on the scope were photographed on
Super XX or Llnagraph Pan film us1ng a General Radlo osc1llograph
reoordlng camera. Dr1ve motors were used which prov1ded fllm speeds
of from 5 ft per sec° to 1- 1/2 1n° per sec., in order that speeds
approprlate to the level of act1v1ty would be avallable, . The film
was processed in a portable developlng tank, using D-19 developer
‘and Kodak,Rapldpleer° After drying, the film was viewed using a
micro=film viewer, aud the pulse heights,were measured, Typical
pulses are shouu in Fig. 90-

The linearity of the response of the electronic system uas _
checked by applying voltege.puises'to the grid of the chamber and.
photographing the resulting display on fhe oscilloscope face. The
pulse amplitudes were increased in even steps and the results given

‘ i

in Fig. 10 show that the output actually varied in somewhat non-

linear fashion. Since the response was strictly linear over this



~28-

region when the pre-amp was not in the mégﬁetic field of the cyclo=
tron, it is believed thatAthe field was responsible for the épparent
change in amplifier responséo Since the voltage produced at the
' pre-amp input by each aipha pulse is known to be'prﬁportional to the
alpha energy'with this typé of chamber, the curve of pulse generator
output ﬁoltage vs, oscilloscope pulse height Couid be used to give
the élpha energy vscrpulse height relatibnship under these operat-
ing conditions'if the enérgy'correéponding to a particulaf pulse
héight were known, :However, since thrée well defined alpha groups
were readily available it waévpossiblé to cohsfruct directly a pulse
héight versus energy curve covering the neéessary energy range as
shown in Fig; 11, The.fhreé groupé used were P02¥0 (5;30 Mev), |
ARl (5.9 lev) and'fjo211 (as it oceurs following fhe At K;capture)
- (7.43 Mev)., The pulsé height distributions‘for'thesé fhree céli=
‘brét_ing points are showniir'x Figs. 12 and 13, The shape 6f ‘the vpulse
height vs. énergy éurve agreed within’thevexperiméﬁtal efror with
" the pulse height vs; pulse geheratér sétting curve; so it wés‘possia
ble to extend the'énérgy cﬁrvé upﬁard by using the pulse generéﬁar
points, and thus find the energy of the long range alphas which were
observed, - |

 The most impoftant energj measurement was that of fhe.25 second.
éépiyity,’ginée_if wopld determine the excitation energy ofvtﬁe ?p?11
isomer. This determination was made by bombarding a thin (0.1 ﬁg/émz)
" lead sampie‘(Section III, A. 4) with 22 Mev éﬂphas for thirty seconds,
'waitingvabOﬁt 20‘§ecbhdé'and then photograbhihg the resultinglpulses
oééurfihg_dvér a pefibdvof about a minute, At this bombarding energy
Qery little 130 second activity is formed, but th; pulses were re-

corded on the Brush Recorder tape as a check and subsequently it was
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determined that less than 5 perceﬁt of the counfs could have been
associated with the longer decay period. Fig. 14 shows the pulse
height distribution for this case, with peak at 62,0, Referring
| to Fig., 11 the resulting energy is-7014 + 0,05 Mev, which indicétes
that the 25 second activity decays from the lower state of poRll
“and.that the 0,52 second decay occurs ffgm a Po?1l state which is
excited by 0.3 + 0.05 Mev, v
| This ééme pulse height distribution, illustrated in Fig. 14,
shoﬁs some additional interesting features: The presence of oﬁe
élpha group with enérgy about 9 Mev and possiﬁly one at about 8-1/2
Mev., At this date not much is known about these groups except that
they must be in cascade with some other activity, since it would be
difficult to imagine a 9 Mev alpha emitter with half-life of the
order of 10’2 secpnd much less a lifetime logg enough to allow its
obéervation as long as half a minute after its‘production° This
group may be the same as that reporfed17 to occur somewﬁere in the
natural decay chain folloﬁing Actinium B. Below the principal peak
tﬁere is a possible group at 5°9vMev (pulse height 53) and one at
about 5.3 Mev (pulse height 48-1/2). The latter one is most prob-

ably due to Po210

from the a,n reaction on PbR97, The 5.9 Mev is
just the energy for At211 deéay, but the cross-section for forma-
tion’ of this using 22 Mev alphas on bismuth is rather small. In
-turn this woﬁld_necessitate that over 15 percent of the Pb be Bi,
and thié is not possible, -There is the possibiiity that this group,
being only about 1 percent of the.total intensity, could be the low

energy counterpart of the 6.34 Mev alpha group reported18 as occurring

@
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in the decay of the 0.52 second Po?ll, The evidence at this point
is, however, ihbonéluéivéiﬁecauSe of the higﬁ baékground in this
energy'rénge;"Furthér'consideratién'bfvthe possible existence of
low energy'gféﬁps will have to awalt an increase in the resolving
power of the equipment uééd,'or fhe_appliéation of a differént'
method.

: Anéther set of enérgy measurements wés.made at aﬁ earlier stage
in this expéz‘iment° In that caSe.the electrbnic-equipment was al-
most identicai with.that used in.thé more recent measﬁrements, The '
chamber wasra parallel plate one, with grid;a The target matefiai
was permanently mbunted.on the high\voltageveigctrode, and the beam
fraversed the actiye volume of the chamber during the bombardmenﬁ
period. Oply‘Po?lp_alphas and'the pulse generator were used for
calibration purposes. The pﬁlse ggﬁerator)vs. pulse height curve-
.was quite linear (the'preaamp was located in a weaker part of the
cyqlotron magnetic field) but the ﬁée of only one point, at 5.3 Mev,
to set the energy sca1e decreased the reliability.of the measurew.
ments»in,the 7 Mev.rangeo_ Aﬁ ﬁhattime two peaks were observed,
seperated by about 0,3 Mev, the:upper_one being esﬁimated‘as 7.6
0.2 Mev and Eelonging to the 1/2 second activity. It was this
\energy and theia,n»type excitation function Which_made it;advisable
’ to.look,for the AcC' half-life iﬁ the 1/2 éecond range. Once it
was determined.from hglffiife cqnsideratioﬁs.that the 1/2 second
decay period éctually did belong to poll (as it occurs,iﬁ fhevdecay :
Of At211) then the upper peak could be used as & calibrgtipn point .
at 7.43 Mev and this gave 7.15 + 0.1 for the alpha energy associatéd

with the 25 second activity.
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These measurements showed a distribution‘abdve the principal
peak which was very simiiar,tovthat obéerved:in the latér runs,
showing a defihitg peak at abouﬁ 9.1 Mev and ;_possible peek at .
about_8°3‘Mevq Since in both cases the statistics in_the regién
aﬁovevthe_main peak were poor, not too much fqithlpan be placed iﬁ
the exactlvalues. However, it is certain that these 9 Mev alphas
exist, sincelin no other casev(PQZlo or astatine pulse heights) are

any pulses of this height observed.

VII.  CONCLUSIONS
‘This section is divided into the fdllowingiparts:
A, Bismuth 211

0.52 sec,)

[

B, Polonium 211 (Tl/2

C. Polonium 211 (T 25 seconds) -

n

1/2

D. Comparison of Po?ll states, spin assignments
E. Long Range &lpha Particles

The first three summerize the COnCreté informetion which is obtain-

able from the éxperimeﬁtS'discﬁSSed‘in Sections III, Iv; V, and VI..

This conderns the half-lives, energies, identification and excita-
tion functicns of the three activities studieri, Parts D and E set
forth conjectuies which can be made with regard to spin assignménts

for the two states of Poit

and the origin of the long rangé alpha
particles., The arguments in these latter two parts will naturaliy
be subject to revision if more contributinglmaterial should become

available,

Ko

L
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A, Bismuth 211

This bisﬁuth isofope'was identified by. chemical separation
(Section V) and bﬁ.measurement of itsvhalfulife, which agreed to
within the experimental error wifh the previously measured value
 (Table 2). |

The production of this activity from Pb08 by an (a,p) re-
action was observed and a roﬁgh exéitafion function was measured
(Table 4)° In theory the differeﬁbe between thesé crosé §ections
aﬁd those for the (d,n) reaé£ion shouldvbe accounted for pfimarily
vby the fact that the outgoing proton wili be influenced by the
coulomb bafrier; Unfortunately, in the region in which barrier
peﬁetration calculations could be made the (a,p) croséwsections
were too smell to allow observable production. Between proton
energies of 8 ahd 12 Mev (bombarding enefgies from 23 to 27 Mev,
barrier ié about 13 Mev) the pfoton energy is above l/2 of the proton
bérrier energy, and the WKB approximation can not be applied to the
barrier problem. 1In this latter région, the détg in Table 4 shows
that the ratio ofv(a,p) to (a;n) cross;section changes a littlé
more slowly than e=Z%&§ . At energies well above the barrier the
tﬁo cross seéiions [(a,p) and (a,n)] as would be expécted;.are of

about the same magnitude.

B, Polonium 211 (0.52 second)

This is one of the least studied of the naturally occurring
radioactive nuclei. The existence of this isotope as an alpha emit-
ting beta decay daughter of AcC was first inferred by analogy with

the cases of RaC <+ RaC'! and ThC < ThC' by E. Marsden and his co-
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workers, They tested their hypothesis and found the long range

alpha éroup now associated with this nuclide. This was reported

in 1914 by Marsden and Pérkinslge‘ In the same érficle a half-life

of 1/200 second was assigned to this activity on the basis of &

rough réhge measurement and the application of the GeigereNuttail

law, | A .

Attempts to measure the range of these particles were made by

&

Vardér and Marsden in 1914, by Bates and Rogers ih 1924 and.finally
a very careful.méasurement was made by Rutherford, Wynn-Williams
band Lewis in 193120, They‘bbtained a mean range‘of 6,506 cm, This
was'éorrectéd gy Hblloway and.Liviﬁgstonzl to a value of 6.555 cm,

Iﬁ 1940 Corson,vMacKenzie and Segré4 found AcC' as the K-capture
daughter of 4t211. The idenmtification was made by observation of
poloniﬁﬁ X~réys having the same half;life as the At?ll (7.5 hours)
and by the presence of an'alpha group having 6.55 cm rénge, in égreea
mént with the méaéurements méde by ﬁord Ruiherford eﬁ ai,; as cor-
rected by Holloway and LivingstonZl,

The work réported in the present papef includes the measurement
of-the haif=life of.this acéivity by actually:separating it chemically
ffbm the parent A£211 and observihg its decay as described,in Section
IV. As has been étated previously this was determined to be 0.52
seconds instead of the‘0,005 seconds previcusly estimated. The mea-
sured energy was in agreement with the previously determined 7.43 Mev.,

The direct production of Po211 from an a,n ;eaction on Pb208 has

aléo been observed for the first time and a rough excitation function

for this reaction is presented in Table 4. It is desirable to compare
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this excitstion function with others of the same sort and with
theoreticallylffedicted-a,n exeltaﬁlon funcfioﬁs,‘but'to date no
other a,n excitation functlons have been made in this portlon of
the periodic table, although the B1209(a n\At212 may be available
in the near futureo

Assuming that(an (a;n) reaction should have a cross-section
which behaves in a way similar to a (p,n), one can compare this

09 reaction° Both

w1th the results of- Kelly22 for the B1209(p,n)Po
show a steep rise limited by the berrier, followed by a sharp drop
at the onset of the competlng 2n reaction and a long, hlgh-energy

.tail in whlch the cross- section falls off qulte slcwly, having a

magnltude roughly one tenth of that at the peak.

One method of comparlson with theory is to use the total cross-‘“'

-.sectlon for alpha bombardment as given by Weisskopf23, Th;s can be
vcémpared direetly with the lowest two or three'experimental peints;
which are in a regieﬁ not too heavily influenced by the competing
(¢,2n) znd (a,p) l‘eaetions° Compafisen'above this region is not
possible sipce‘the (a,2n)vaﬁd'(a;3n)‘cross»sections are not. known,
The comparison at the low energy end is shown in Fié,’ls in whieh.

-the so0lid lines are the theoretical total cross-sectio‘ns23

1/3
roA

s using.

S , -1 s »
as the nuclear radius where r = 1.5 x 10 3 cm in one case

and fo = 1.3 x-lOfl3-cm in the other. It is seen that the experie :
mental points indicate rough agreement with a value of r, = 1.4 x

lO"13 cm. Thls valueAls close to the value ro = 1,43 x 10" -13 cm

209

found in a 91m11ar way by Kelly22 for Bi + o based on excitation

functlons for the a,2n and a,3n reactlons°
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C. Polonium 211 (25 seconds)

In aaditioh to ihe 0552 secqnd'Po2ll discussed above, this ex-

_periment has been éoncerned with a 25 seéond alphé emitter, chemi-
cally identified as polonium (Section V). Tn view of the fact that

the halfalivés and energies of all the possibly produced polonium
alphé emitters are known, it seems that this acti&ity must‘be isémeric'
with some previously obéefved-nuélide, The.following aréument, bgsed
on the lack of variation in 25 second to 0.52 second yiél& ratio with
change invisbtopic condentration;.indicates that thé 25 secondvaciivity
should Ee assigned to Pozllo :

| Consider fwo targets, a and b, each of thin lead, but ha&ing dif-
ferent. percentages of the various sta;ble‘isotopes° if(oge of these is
bombarded with a constant current for a time, T; at an energy such that
only ihe an reaction contfibutgs; then'the ratio of the number of 0,52

second to the number of 25 second nuclei formed would be:

(1-0="0.52T
g = NO'U°52~= 0052 UVODSZ P208 (l"e . °52. )

(1677257 )

where Psog is the percent: of Pb.208 in ﬁhe target and Py is the percent
of the lead isotope from which the 25 second activity is formed by an
a:,n'r_eacti'on° A‘and o~ are the appropriate decay constants and cross- _
sectionso_ If the other target\iS’bomEardediat'constant current for the

same length of time at the same energy -then the ratio of the 6's will be

Y= ba = (?2Q%> <?z;.
v \Bx Ja \Faog/v

The two targets under consideration are (a) natural lead and (b) lead
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enriched in Pb207o Based on the isotope percentages listed in

Table 3 the following calculations can be mades

If x = 208 then <P2O_8> = <P208> slandy =1
' ‘ \Px /a Px /v .
If x = 207 then <‘P208) = 52,4 = 2,483 P.208> = 30,0 = 0.50 and Y=4.96
PX a 2101 PX b 6000 .
If x = = =

N

206 then [ F208 52.4 = 2,08; (F208) = 30.0 = 4.28 and v=0.49
P, /o, 25.2 P /)y T

X

Based on the averages of the experimental results (relative yiéidé)
shown . in Table 6 we find at 18 Mev v = _1__1_5 - 1.13 and at 20 Nev Y=

© 3.3 = 0.92 both essentially one withinlgﬂi accuracy of these runs,
'gﬂg'end result of the”argﬁment giﬁen above 'is to show rather definitely
that the 25 second as well as the 0;52 second activity is producea

b208 at energies near and be-

from an alpha particle bombardment of P
1ow-the_threshold for the a;2n reactionq Taken with the chemical ident-
ification=of the 25 second activity as polonium, this means that the best
assignment of the 25 second decay is to Po?ll, isomeric with the 0,52 |
"~ second. activity.

In addition this is the only polonium iéotope to which the 25
second, 7.14 Mev activity can be assigned without assuming it to be
an exeited state»iying at least 1,9 Mev above its ground.sﬁateo i@is
would requgre‘at least a sixth order transition to the grournd state
Cif it %ere‘the only available level, and from what is known of nuclear
energy levels in thié region there would in such an energy range be
several other levels to which jumps could be made, not all of which
‘could also be highly forbidden., Thus again the only possible assign-

ment consistent with the chemical identification as polonium is to

Plelo
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The alpha particle energy for this activity, és set forth in
Section VI above, is 7;14 Mev. This means a total decay energy 6f
7.28 llev as compared with 7.57 for the 0.52 second activity, This
ﬁeans that the 25 second decay 1is retarded relative to the decay 6f

13

‘an even-even nucleus of radius 1057A1/3 x 107 cm by a factor of

3350.while the 0.52 second lags by only 820 (using Preston's equa-
tions™¥). " ' | |
The‘szos(a,n)P0211(25 second) has en excitation function which.
is depressed:cqnsiderably below that for the mote normal appéaring
~ excitation functién for the 0.52 second activity at the low enérgy v
‘end,and then takes on comparable values at the high energy endo _Ohe
‘logical aséumptiph as‘to'ihe reason for this behavior is that it is
due to an appreciable centrifugal barrier, indicating that this state
(25.éecond) probably has a high angular mémentum; Ano£her explana-

tion for the small cross-section relative. to that for the'0,52 sec-

ond Po211

would be to assume that most of the states lying close a-
bove these had‘spins neaf thét_of #he 0.52 second isbmer, and thus
wheﬁ,excitation was not high the chances of cascading into the 0.52
sécond state would be greatero

| .The 25 second P0211 has-aléo_been produced by bombardment of
B1?% with alphas. Here the reaction would be an (a,pn) if our. as-
signment is correct. A'theoreticai treatment'of the proﬁabi}ity of
decay of the compound nucleﬁs by emission of a proton»aﬁd a neutroh
'rélative tolfhat for decay by emission of twd-neutrons is not‘é-éim-

ple one. Part of the difficulty is that in the two neutron case a

particular neutron can go out ‘with any energy below the maximum -
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available,'with no hindrance; whilé the exit of a low energy proion
ié much impéded by the>couloﬁb barrier, Thus if the fifsf particls
boiled off is é neutron with é relatively large shgre of the'avail=
gble energy then the probability that this particular event will be

a 2n rather than a pn is enormouély increased. Thus the (a,pn) to
(a,2n) ratio will involve the barrier transmission for all protom
energies from zero~to'fhe gxcitation energy, while only the maximum
barrier traﬁsmissiQn, OCCﬁfring_at ﬁhé full excitation is involved

in the (a,p) reaction. Tﬁis effect will teﬁd to make the rati§ of
o-(a,pn) to o-(a,2n) much smaller than the o~ (a,p) to o*(a,n)vratio
tblthe same excitation energy of the compound nucleus, This rela-
tive effect is actually observed. A similar, qualitative argument
can be made for the @,p2n véc a,3n cross-sections, however, which pro=-
duces the same result; thus this portion of the work makes no contri-
bution to the identification of tﬁe 25 second aétivity as PoRll ra-

ther than PoRi0,

‘D. Comparison of the two poill States, Spin Assignments

Some information is available which makes possible a tentative

assignment of spins to the two states of-Plel

o The usual dafa on
which such assignments are made are lacking in thié case. Nothing is -
known of the conversion coefficients for the unobservable (in these
experiments) transition between the two states, nor of any ﬁore than a
:lower_limit on the.halfclife for such a transition, Neither of the
two spins has been measured directly, nor is there any'beta decay data

linking either state -to some other nucleus of known spin. The infor-

mation available concerns (1) alpha decay to a nucleus of known spin,
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(2) gamma decay energy and limit on half-life, and (3) relative
cross-sections for production of the two states, Each of these
will be discussed in turn below, but all merely set the order of
mggnitude of the spin difference between the two states, and ih-
: dicate which state has the higher spin,' This information can then
be cbrrelated with the predicted levels from the one-particle
(shell) model of the ;mcleus24 and spins tenfatively assigned
which are compatible with both the théory and the information a-
vailable., These topics will be discussed in detail in the follow-~
ing orders

1. Excitation energy

2. Alpha decay

3. Decay of upper to lower state

4. Relative cross-sections

5. Shell model and spin assignments

1, Ekcitétion energy. In general our discussion muét be_based
on the difference between the two observed alpha decay energies. How
we can cprrelate.them'with the actual energy difference between the
two PoRMLl states will depend on the states qf Pb207 which are avail-
able as terminations for these two alpha decays.

The energy levels of PbR07 have been studied previously in sev-
eral ways. Harvey and others at Massachusetts Institute of Technolo-
gy25 have investigated the proton and triton spectra from the reactions
P00 (g, p)PbR%7 and PbR08(q,t)Pb?7. They find that the first excited
state lies at O,6i llev above ground and the next at 0.95 Mev, but

their resolving power is not sufficient to allow detection of a level
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within abdut 0.05 Mev of groﬁndo Neumann énd Perlman18 have pre-
sénted a lévgl scheme based on the fine struéture éf the Po211
aiphas (as theyvoccur in the Aecay of Atzll) énd on the conversion
electron specfrum.ffoﬁ the Bi207 -Pb207.K~capture° Their first
fhfee excited étateé are at 0.54; 0.88 and 1.06 Mev, There is
one eléctron group af 6,649 Mev; indicating a gamma of either
0.137 or 0.064 (depending on whether X or L conversion is assumed),
which is not assigned, buf.may occur in a transition betweén two
excited states, although none of the differences correspond to this
energy. The breadth of the principal alpha‘peak (at 7.43 Mev alpha
parficle energy) is such that a 0.1 percent péak‘at 7.14 Mev indi-
cating presence of thé'25 éecond alpha decay state of a small peak
slightly above the principal oheAwould not have been cobserved, thus
the previously deduced 1limit on K-capture into the 25 second stafé
is not contradicted, nor is the possibility that the most probable
decay goes to a level élighfly above ground in Pb207, with a highly
prohibited decay with sliéhtiy higher energy to thé ground state.
In addition to the above experiments, E. C. Campbell and M. Goodrich26
have observed a 0.9 second gamma emitter following irradiation of Pb_
with slow neutrons in a pile at Oak Ridge. This isomer is assigned
to Pb207 by Goldhaber"and,Sunyeu:'Qv7 with transitions of 1050 followed
by 520 Kev baged on unpﬁblished supporting evidence fbund by M. H. L.
Pryce. These levels are- compatible with some of those found in the
alpha decay fine structure observations,

The implications are then that e, in Fig. 16 must be, say, 0.05

Mev or less., The possibility that the 25 second state could lie such
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that ey > 0.3 is very small since then the direct alphe decay to

the ground state would be so faﬁofed by’the gfeater available ener-

gy that no reasonable spin assumptlon could account for the long
life of this state., Thus, fron knowledge that, the P07 1evels are

widely spaced we are led to the conclusion that both - the 25 second

and 1/2 second states decay to the ground state of Pb 207

or to some
prev1ously unobserved level qulte close to it. Thls means’ln turn
.that‘the-l/Z secondﬂstate liee‘eoproximateiy 0.3 Nev above the 25

~ second one. o a | o o | |

Po2ll | Pb207_

Most probably e] =e, =0
“and € = 0,3 Mév (see text

: above)
a .
7.57 Mev

v 7,28 Mev . \0.52 sec,

Fig. 16 92{ e

1

2. Aloha.deeay. Observation of alpha half-lives. and .energies
shows that if a nuclear-radius_of r =‘1.57‘A;/3 X 10’;3 cm13 is used
in the decay formula.of Pr_eston14 with the observed'alpha.deoay'ener—
gy‘eorrected for the recoil of the product nucleusAthen the calculated
- decay constant for even-even nuclides agrees With the___c';bserved° This
ie.not the;case; however, for odd-even, even-odd or odd-odd nuclei
or for nuclei in the vicinity of the closed shells at 82 or 126 pro-

tons or neutrons. . In-these cases >\ca30/}\ ‘is greater than'unity,

obs

-indicating that. the, actual decay is inhibited in some way relative
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to the regular decay of_the<even=even nuclides, Several factors
contribute to this retardation. One is the relaﬁive difficulty
in forming an elpha particle from a nucleus in which there are
unpaiped nucleons in the uppermost energy stgtes. Another is the
,fact.that in many cases there is an angular momentum change_in-
bvolved, which introduces a centrifugal barrier into the problem
in addition to the coulomb one. In the cases near the closed
shells it 1s thought that there is an‘actual decrease in the nu-
clear radius below the A1/3 law, which would account for the re-
tardation in the decay of even—eéen nuclides such as Po?10,

In the case of Po1l, since from Part D,l of this ;ection it
seems that both states decay to the ground state of Pb207, the
nuclear radius-shouldﬂbg the same for both decays and_should.be'
soméwhat below the Al/3 law prediction. Applying the most rigor-
.ous available development of-the barrier penetration theory‘in-
cluding angular momentum changelé using the observed energies and
severél assumed radii (frpm 1.27 to 1.47 Al/B_x 10’1/3 em) it is

found that the prohibition of the 25 second relative to that of
the 0.52 second decay is accbuntedvéor by assuming an angular mo=-
mentum change of 5 or 6 units for the 25 second and O or 1 for the
0,52 second activity. This in ﬁurn implies (from the P27 spin
of 1/2) that the spin of the 25 second state is large (9/2 to 13/2)
while the spin of the 1/2 second state is small (1/2 to 3/2). |
These calculationSvdo not single out a well-defined number for the

nuclear radius unless some assumption is made with regard to the

. retardation due to even-odd nuclear character, but indicates that
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values between 1.3 and 1.4 Al/3 X 10‘,’13 cm are the most acceptable,

3. Decay of Upper to Lowéer State. Since.we have éoncluded |
that the 0.52 second stéte most probably lieé gbove the é5 secona
state by about 0.3 Mev then it is pbssible to make an'éstimate of
_the probability of decay of the ﬁppér to the lower state. This
can then be compared with the upper limit placed on the probébility
of this transition by the lack.of presence of 25.second'alphaé
following separation of Po from At,(See Section IV). Using an
'energy of 0.3 Mev and the approximate formula of Bethe as giﬁen by
Segre and Heimholz’,28 the value of )y can be calculated for various
orders of Fransition,'A ; where /\ = the multipole .order, 1, for
Aeléctric énd the multibole order plus one for magneﬁic transitions.
- Such valueé of AY are for the‘gamma transition alone éhd inclﬁde'
no. allowance for internal convéfsion'tfansitions, which, for large
Z and a high order transition, would play a co-nsiderable‘part° The
actual decay'conStaht‘fqr.the trensition from the upper to the lower
state is A = >\Y+ M = >\Y(i + a). Theoretical calculations of a
for K shell conversion in electric diﬁole transitions have been made
. for hy = 0,3 Mev»and:Z = 83/by;Hulme29° He Tound aK(dipole) = 0,03,
Similar calculations by Taylor and Mott30 for the gquadrupole case
give'aK(quad)'= 0.11, Taylor and Métt quoté.experiMental'results
from the work of Ellis and Aston on RaB which give, for hv = 0.3 Mev,
"a value of 0,18, (the = these valuesuhave been_chgngeq_frbm thosé
in the original‘artiples to take care of the fact that in their no-
fation'the ratio of number of electrons to thg_number of gammas is
a/l-a while ours is simply a). Segré and‘Helmholz‘?8 quote 'formu=

lae of Dancoff and Morrison for both electric and magnetic multipole
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oonversion° These are relatiristically correct but ‘involve the
assumptlon that the electron blndlng energles are small compared
with the decay energy. These formulae are not partlcularly use=
able in this range (primerily because of the large Z) but they
may sérve‘as a guide in estimating the order of maguitude of the
conversion effect. For elecfric quadrupole apd dipole they_differ
from.the values of Motr, Taylor and Hulme by factors of from 2
to 4. In addition to the K_conversion one should also‘consider
L shell conversion in this‘range° Values of N /N for electric
tran31t10ns have been teken from a graph by Hebb. and Nelson pub-
llshed by Segré and Helmholzzs, The values for the decay con=
stants using the above formulae and graphs are shown in Table 7.
These values should be taken merely as 1nd1cat1ve and, partlcular»
~ly in v1ew of the neglect of the L and hlgher conver51on, end the

approx1mate nature of the formulae, may be off by several factors

of ten.
Table 7

Order | Type Cthersion - Decay Constant
3 elect  Kand L 2.7 x 10°

3 mag K © 7.6 % 104
4 elect - = KandL 4.1

4 mag CK i ' 0.42

5 elect - K and L . 11 x107
5 mag - K o 2.3 x 1076
-6 elect - K ' 1.2 x 10-10
6 meg K 1.2 x 1071
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Keeping the necessary precautions in mind it can be seen that the
A= 6 (or ébove) transitions and possibly thev/\ ; 5 transitions
could be compatible with the upper limit of 104 which is placed
on A by the'éxperiments of Section IV, _ o B

A recent article by Goldhaber and Simyar27 tabuiates and classi-
fies a large number of isomers,rand, judging from the assignments
made there, the limits givén above are rather consefvativecv Iﬁ
that article the 394 Kev Pa234 isomer, with partial half-life for
décay to its ground state of 5.7 x"104 seconds is assigned as an
electricQ4 pole while Hglgg, 368.Kev, T1/2 = 2.6 x 103 sgconds and
Hglgv, 164 Kev,‘Tl/2,= 3.0 x 10° segondsvare both éssignéd as magne=~
tic P pole transitions. On this basis it would séem that tﬁe P021l
isomer could be an eléctrig or magnetic 24 or any transition of high-
er order, | ' ‘

4. Relative Cross-Sections. In Part B of this section the ex-

citation function for thé production of thé 1/2.sécond.activity by
an a,n reaction is discussed, while Part C covers the cross-sections
for formatiénvof the 25 second activity and sets forth some possible
reasons for the fact that formation of the 1/2 second state is more
prbbable than formation of the 25 second state at low energies,

' The strongest of these is that the centfifugai bérrier reduces the
probability of barrier penetration by high angular momentum alphas
ih this region ip which the cross-section is still strongly limited
by the coulemb barrier also. Thus, since most of the states formed
apperently cascade easily into the 0.52 second state then it can be

assumed that it has a low spin as compared with the 25 second state.
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De Spin'Assignments and Nuclear Shell Model. At thi= point

we should examine the statements made in connectlon with the one~
particle model of the nucleus, partlcularly as develcped by Mayer24
~ﬁsing_the assumpticn~of.strong J-3 coupling,v This theofj gives en
explanatioc of the magic numbers, and predicts the‘veiious nuclear
spins properly.in most insﬁaﬁces for even-odd end'cdcfevec nuclides.
Goldhaber and Sunyar,27 by making an additional assﬁmption to cover

a few special cases, are able to assign spihs tc a large number of
.isomers in such a way that they agree with the predicted sequence

24 In the region in which we are inter-

of levelsigiﬁen by Mayer.
ested (127 neutrocs‘— ceginning,of new shell) the only statement
of level order in Mayer's peper does not icclude the splitting dpe
to the spip - orbit ccupllné, but gives as the order: '1111/2’ 2g9/2,
2g7/2, 3d5/2, 3d3/2; 431/2, etc., One of the_fundamental assumpﬁions
made by Mayer is that levels within one shell which arise from
adjacent orbltal levels in the square well approx1mat10n in such a
way that spin -vorblt ccupllng tends to bring their energy closer
together can, and often will,_crosso_ Specific examples given by
Mayer include the dj/z‘— 31/2 end g7/2 - d5/2 levelgg* Thus it is
possible that some order such as: 1111/2, 2g9/2, 3d5/2, 431/2,
2g7/2,3 3/2° ete,, mlght ex1st, even possibly with the 1111/2 and
the 2g9/2 1n‘berchangedv° One thlng is certain, and that is the pre-
" diction that all the levels'should have even parityo

Applyiﬁg this to ?0211 and acceptlng Goldhaber and Sunyarfs
assiigxllmen'tz7 of electric 24 pole tran31tlons, then the _possible

transitions whlch Would lead to the appropriate half- llfe for gamma
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decay involve angular momentum changes of 4 or more units. This

would make available only transitions between the:levels sl/2 -

B9/2> 51 /2" 1))/ &nd &, - i, /2 The third of these is the
least probable, since 1t is known that there is a large energy

difference (due to the postulated spin - orbit coupllng) between

3
depleted rapldly by a magnetlc dlpole transition to the d5/2

vthe d5/2 and the d /2 levels, and thus the d3/2 state would be.
state. This leaves the two 1nvolv1ng the 51/2, with the s1/2
11/2 as the more loglcal V
This assignment agrees with a large angvlar momentum change
(5 units) for the 25 ‘second alpha decay and a small one (1 unlt)
for the O 52 second decay, since it is most probable that both |
valpha decays go to the p1/2 ground state of P’bzo’7 Agreement is
'also good for the assumption that the addltlonal centrlfugal
'barrier inhibits formatlon of the 25 second relative to the l/é
second activity at the low energy end of the excltatlon function°
The only obgectlon to this ass1gnment arises in ‘connection
with the chapture in At211, which favors the'O°52 second state
quite strongly’(see Section IV). According to the shell model

the odd proton (85th) in At2ll should be in ‘an h gtate; as

9/2

is known to be the case for the 83rd proton in B1209, This would

presumably give the At211 a spin of 9/2, and consequently the K=

capture would be favorlng a large spln change in preference to a

23

small one, However, in Na which should have a (d5/2) configur-

55 which has

27

atlon the spin is 3/2 rather than 5/2 and s1m11arly Mn
s spin of 5/2 is in an.&b/z) state. Goldhaber and Sunyar inter-

pret thls as a breakdown of the rule that j-j. coupllng of an odd
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number of nucleons of equal j leads to & spin j as the lowest
state, . This breakdown is attributable to taking into account
the finite range of the forces involved. Thus, in the absence

of an experimental determination 'of the spin of 4 it is not

felt that this objection should be given too much weight,

E. Long_Range Alpha Partlcles

At the present tlme very llttle is known of. the 1ong range
-alpha particles reported in Sectlon VIIG

The first'question that‘can be‘discussed concerns theivalidity
of  the measurements themselves. The fact that the pulses have been
observed whenever a pulse helght analysis has been made shortly
after a bombardment of lead with alphas 1ndlcates that the experl-
ment is reprouuclble° The possiblllty that the pnlses arise some-
where in the equlpment rather than from actual alphas in the cham-
ber is ruled out by the fact that the pulses do not appear when
other.targets (Pt and Bi).arehsubstituted for Fhe»?h._ Examination
of the shapes ef the.pulsesbshows that ﬁhey can not, result from
coincidences between pairs of pulses°» This:is;horne“eut also by
the laek of appearance.of such pulses when ether targets,are in
nse,»even‘whenimhe.counting rates are hlgher_than those wlth‘which
the high pulses were observed° Thns itbseems aniinescapable con-
clusion that thereﬁare alphas of»abont 9 Meviactnally traversing
the.ehamber as long asva minute after the cenclusion of the hom-
bardment, withouﬁ»a high counting rate of such particles at any

- earlier time,
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This then indicates that lhey are.assooiated with a decay
period of longer than a few seconds, and thus, in view of their
- high energy they must occur in cascade with.sohevopher activity
produced by elpha bombardment of Pb. The pereht;spape'must then
lie 9 .Mev plus 1ts own decay energy above the -final product, and
its own. decay energy must be such as to allow it to have a half-
life in excess of ten seconds. This condition_ceh he written as
M% + Ex > M%:é &1+ Mgy +9 Mev, usihg eforic;@essee ehd ﬁiﬁh
E* as the excitatioh'energy of the perent state, ln eddition,
in order that direct alpha decay of the parent with too short a
B half- llfe w1ll not occur, there cannot be too much energy avail-
able, certalnly not more than 8 Mev; ‘hls imposes the addltlonal
restrictions MZ + Ex < MZ + N&b +‘8 liev, Comblnlhg ihese two
’relatlonshlps g:.ves° MZ 2 + Mg+ 8 > MA:g + Mﬁ + 9 Mev,‘
In mass units thls gives (w1th 1 Wev = O. 00107 mass unlts) '
| M{é > Mé'g . 1 . 40, 001070 | . |

¥Within the range of posslble products for which the data is
" gvailable only four satlsfy the above relatlonshlp, none satlsfy-
ing it with Ex = 0. 1In each case, with E¥ > E* there will be
ﬁwo ofher'processes competlng w1th the one 1ead1ng'to phe 9 Mev
al'pha,‘ These arev.gemr‘na decel;)‘r of the parent ‘from its excited state
to its ground state w1th energy Ex > E* “and direct alpha decay of
the parent w1th E“ E' ; hese various quantltles are glven in
Table é The P0209 pdrent 1s rather deflnltely ruled out by the _
| hlgh available energy for direct alpha decay, as well as the hlgh

ex01tat10n energy° The B12lo and Pb 209 are acceptable from the
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Table 8
Parent- - 9 Mev Alpha Emitter' -~ EX (llev) ' Edo (Mev)
pi?H* . pRMX o gig 753
T O - .2943‘ 7.3
po20% B1209* | 2.9 9
P07 - pi%0%

33 739

“alpha decay-pbint of view, but a very‘highvgrﬁgr tﬁahsitipn wbuld

be necessary to keep the excited state alive for the appropriate
léngth df time. This leaves the Bi211 parentvas the most reason-
ably-acceptable, although'thé alphé decay has somewhat more avail- |
able energy than is compatible with the probable half-life. Further 

experiments will be necessary to check this hypothesis.

7 VIII, APPENDIX? TREATMENT OF BRUSH RECORDER DATA
 ‘The number of counts occurring in an interval, t, starting at

ta is given by the well-known expression:

A }\'t)

N, = mt +XNgge” Mitaqn - e
where m is a éontinuoué counting réfe from béé#groupd-or gétivities
of half-life loﬁg compared to fhose being investigated, and the j re=-
fers to the verious activities of;in}érest, |

Usually one~of_two_cases»can be c:,onve.nieni‘:ly‘exploitedv° The
 first possibility, At<< 1, in which case Nj = [m- +Z )\jNOje")‘jta]t
| and the various values of Na/t can be plotted on sémielog paper

against tg to find both the zero time activity and the half-life.

The second possibility is to make t the same for all the various
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_observatlons, in whlch case N = mt +Z NOJ 1 ’A t’) =N Jt
Here again the s]opes crive the h tmt the 1ntercepts of the
component curves give‘NoJ(l - e J ). Nelpher of these methods
uses to the fullest the data as displayed on the Brush Recorder
tape, since interpolation between the marks on the tape is neces-
sary. o |

Iwo,methods were devised'whicp‘ueedbthe_acﬁual distaneee a-
long the. tape, meesuredxtq\the poinﬁwe§ﬂeecg:rence_of'a particu-
lar scaler output pulse from -some app;ep;iate'Zeroc The. two- sys-
~times,.both‘using integral forms ofmtye;eecey equation, are-described |
belgwq Both methods use the fact,Lyetmphe number of. counts be- -

tween some time teken as zero and any subsequent time, t,, is:

= {1 - 3G
Nq glta +2 NOJ(l e _).

Method 1 uses the fact that there exist times t and ty such

22 At
thate 5 B and " J*«lthen

Ng = mty +Z Noj and Ny = mty +3 Nos
from which
N =N, U N_eN N.t =N t
M: ,Y 9 andZNOJ"Nr - Y E t‘—— @ Y 8,
ty-tg ty=tg ty~tg

We then define

1 , N -
Sy = Ngt\ -N_tg 4 NY'NBrtq -
tY"tﬁ ' tr’??
If all the Ny are'integral multiples of a particular -secaling factor,
'k, then.

L NQ. = ak, Na = Bk, Nr: =. Yk
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and L . } e
S g(é@;-’x__tp) Y—ﬁ ) -a .
© N\ ty-tg '/ N ty-tg L
The two constants @t*;xigvand‘x' B are easily‘computed a'is'simply
ty=t, ty -tg
p .
“the number of the: pulse and ty is proportlonal to the dlstance along

the tape. Sq can thus be tabulated easily and plotted against tq . on

semi-log paper to give the usual decay curve, since Sq satisfies

,) ,
a 2{ Jra

This can be separated into components having slope )5 and intercepts

S
Method 2 is derived from the basic equation in such a way that

the time_intervals are measured from the end of the tape back toward

the time of bombardment. Taking ty>t  then

.t 2t
m(tY-ta) thNO,(e_)h .6 A Y)

NY - Na =
= n] -
m(t, .- ta ZiN e ( 1)
define ‘ N , =
,tg = tY - ta and N¢ = NY - Na
then

Ng = mby +:E:N .eh>ﬁt¥ (e)\jtgj -1) . |
If ms is calculated, then N¢~mt can be plotted against t¢ and for
e)jtﬁ >> 1 will have a form adaptable to separation into component
activities with slopes,Aj and values at t¢ = tY which are simply
NOj’ the.total number of counts of the jth activity. As in Method

1 it is convenlent to introduce a scaling factor in order to make

the numerical work simpler.
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Both of these xﬁethods utilize the_exact time of occurrence of
the pulse from thevscal'er,‘ thus exploiting the Brush recorder tape
display to the f’ullestv,.. Tﬁe one d'is"a.dva:ntgge_ is that counting must
“be continued ’uninterrtvlpted throughout the period being used, which
must be long compared to the. loﬁgéétalivéd, ,acfivity under consider-

ation..
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