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I. ISOMERIC STATES OF BISMUTH 210 

II. RELATIVE' YIELDS IN THE FORMATION 
OF-NUCLEAR ISOMERS 

Harris Benjamin Levy 
Department of Chemistry and Radiation Laboratory 

University of California, Berkeley, California 

.'August 1953 

ABSTRACT 

In Part I, the previous work on a long-lived alpha-emitting 

isomeric state .of Bi
210 

has been revised and extended. The mass 

assignment has been confirmed by separation of mass fractions, 

and the half-life of this isomer i;; now estimated to be -10
6 

years. 

The alpha dec:ay: energy was redetermined to be 5. 031 ± 0. 020 Mev, 

indicating that th.e long-liv:ed state of Bi
210 

lies 25 ± 40 kev below 

RaE. 
210 

The branch decay of the long -lived state to Po was 

determined and found to be about one part in 270. A search 

resulted in an upper limit of one part in 10
6 

being set for the 

amount of the long-lived state present in uranium ores relative 

to the amount of RaE present. A discussion of the relationship of 

th 1 1. d f B.210 Pb210 R. E d p 210 . t d e ong- 1ve state o 1 to , a , an o 1s presen e •. 

sl10wing that a likely designation for the long-lived state is 4-. 

In Part II,· the formation of nuclear isomers in reactions is 

examined on the bas.is of results obtained for the i-somers of Co
58 

f . ( . ) . M 55 Th 1 h C 58 . rom an a;, n reachon on n . e resu ts on t e o 1somers 

prove that the ratio _(2Im + l)/(2Ig + 1) cannot act as a limiting 

value for the ratio CT / CT • A qualitative analysis of the mechanisn.'J 
m g 

for the formation of isomers in nuclear reactions is presented. 

·----- --------------------------------
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I. ISOMERIC STATES OF BISMUTH;210 

A. ·Introduction 

;' ., .l .. "· . ' .· 
In 1950 Neumann, Howland, and Perlman reported the· 

existence of a long-lived isomeric state of Bi
210 

fodned 'by pro-

longed neutron bombardment of bismuth. After all the RaE had 

decayed out and the bismuth fraction. had been repurified, a· 

long ~lived alpha activity remained. This alpha activity was 

ass.igned to B . 210 . th b . f . ' . . h" h h d 'h 1 on e as1s o experiments 1n w 1c t e aug ter, 

Tl
206 · .. 

, was milked fi·o:rn the bismuth fraction. 

. . ' 210 
The above m.entioned authors looked for the growth of Po 

in the sample and found none, indicating that alpha emission was 

the principal mode of decay for the long-lived isomer with-little 

branching decay. This is in marked contrast with RaE, the well­

known naturally occurring state of Bi 
210

, which decays with a 5 -day 

half -life by 13 emission and has cinly a very sma'Il amount of alpha 

decay branching. 

The above authors also measured the alpha partiCle e'nei-gy of 

this long-lived Bi
210 

by means of an ionization chamber connected to 

a differential pulse height analyzer, From data thert available it 

was als.o possible to calculate the alpha energyfor RaE. · Comparison 

of the two alpha energies indicated that the 1ong-lived'isomer was the 

metastable excited state, while. RaE was the ground state of Bi 
210 

2 . . . . ·.; ' 
Palevsky, Hughes, and Eggler reported the total absorption 

cross section for pile neutrons on bismuth to be 30 millibarns. The 

activation cross section for the formation of 5 -day RaE is only 

15 millibarns. It is probable that the differe-rce between these two 
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values represents the cross section for the ;formation of the long-lived 

isomeric state of Bi 
210 

... If the. cross. sections for formation of the 

two states and one of the half -lives is kn()wn~. ~tis po~sible to estimate 
. . . -· -. 

the half -l:j.fe. of the other state by c.o~pari~on .. oft~e, _an:tp~nt~ pf 

, activities of the two states formed .in a .bombardment. If. the v;:tlue 
' -_ :_ • • • ) :·. • ·, • • • • : • ~ • • - < - .::. :. ! ' ~ .:._ . :; •. : . 

of 15 millibarns is used for the cross s.ectionfor formation of the 
-~ ~ ' - '· . -. • i ·- ·, :: ! ' 

long .,.lived Bi 
210

, one obtains a half-,life o.f ":"19
6 

yea;rs for thi,s state . 

.. Further considerations and qeyelopments' Il1~d~ it desirable 

to. go over (and revise, if necessary) and to extend the.work done on 

'th-e l l' d B. 210 Th ' f h . . _ ong = 1ve . 1 ;' '· e energy. sep~rat10n o t e ~wp 1somenc 

states made the .apparent absence of i!3omeric. transition seem rather 
. - . . . ' . ' .. , . ·- - . . . 
puzzling. Thel).,better samples.b,ecame available making it possible 

. . . ' - -~ ~· :. ~ . -~ . . ·- - . " ' 

to det.err:nine .with greater accuracy some. of the characteristics of 
' ' .' I • . : ·, . . ' . <_ • • • • • • 

. the long o:lived, bis:rnuth alpha emitter. 'J:'he mass. assignment was .. · . . ' . ·' . ' .. _.. . .. · ' .· 

-.. confir,m~,d.by- r:nea,ns o£ separated mass. ~ractior1s; the_ alpha .energy 
·-·. -. . . .:. . . .. :_ '. "- . . . -·· . ' 

was redetermined with greater accuracy; and a successful search 

210 
was made for the branch decay to Po . The results of this work 

., . ' ' :-~ 

led to a, revision of some _of. the pr~v~qus conclusi<:>ns so~<:;e~ning the 

r:latio_I?:ship betw_eenthe ,long,=lived_ state, of :Si 
210 

anq th~ ? .,.day RaE, 

_and. alsO. led t() a, sea;r-~hfor the long -Jived isomer ip.Jl:rc:miur:n _ores . 
. · - ~ . ·. - . -- ' ·- . - -, \ . ·.. '·. . . . 

.as theproduct of a possible b~ijln~h decay of RaD~ .. 
. . .· . ' . ,_ ~ ·:. - ' . ' . _.; _t, 

I~ conclusion, the po_ssible relationsl;lip oft~e lo!lg-lived isomer 

, , to RaE .and to. RaD. is_ discussed in t:b,e l:j.ght pf .the. results obtained 

in"tll~s_ work. ·-.) 

·.· .... 
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B. Confirmation of the Mass Assignment 

·of the ~ng -lived Isome_r 

All the available samples of the long-lived Bi
210

, since it is 

formed by an {n, y) reaction on natural bismuth, contain a 

considerable bulk of stable Bi
209

. If this long :-lived a,lpha ,emitter 
·- . ' ' ' 

is. actually an isomeric state of Bi 
210

, then any separation of the 

bismuth fraction into various mass fractions should result in an 

increase in the specific activity of the .210 Il;laS s fraction and a . ' . ~ . . ' . . 

corresponding decrease in the specific activities of the other mass 

fractions. 

A sample of the long-lived bismuth alpha emitter, having a 

specific alpha activity of N2 counts per minute per mg of bismuth, 

w~s electromagnetically separated into different mass fractions on 

the Calutron at Oak Ridge National Laboratory. The mass fractions 

208; 209, and 210 were collected and examined in the manner 

de,scribed in the following section. 

1. , Experimental procedure. -= The various bismuth mass 

fraction~ were received in nitric acid solutions. Samples of each 

m·~ss fraction were taken and prepared for counting by electroplating 
' . 

bi~muth metal onto tared platinum disks. 

The electroplating of the bismuth was carried out as follows. 

-A portion of the solution containing a given bismuth mass fraction 
. . . . . 

was taken and first evaporated to dryness several times with 

hydrochloric acid. -This was done in order to destroy the nitric 

acid which appeared to interfere with formation of an adherent 

coating of bismuth metal. The residue was then taken up in 12 to 

15 ml of sulfuric acid solution containing 6 ml of H
2

SO
4 

to 100 ml 



of solution. 

The sulfuric acid solution contaliiing the bismuth was then 

·transferred to a small cylirtdricai eledr:orysis cell. The anode was 

a rotatl~g platinum rod which also ser~ed to' keep the ~olutldn"stirred 

during elect~olysis. The 'cathode was· a tared. platinum disk. The 

. vario\is solutions were electrolyzed ·at an: average' cu·rrent density 

of 1 to·:f!riiiliainps· per cm
2

. Thevo'itage across the ceil ranged 

from 2. 0 ~to 2. 5 volts. The deposif'of bisrriufh metal covered a 

·circular area :about one inch in diameter. After electrolysis. was 

completed, the platinum disk was washed with dilute sulfu'ric. acid, 

water, and finally 'alcohol, and then dried under" a heat lamp. 

.--f . -

The .platinum disks were then weighed to' det~rmine the' amounts 

of bis.muth deposited; . The deposits rartged. in weight f:r-o:rn 1. 6 mg 
; 

to:Z. 5 mg.' 

. 2. ·' ResultS. --.The amount of alpha acti~ity on each of the 

samples was determined by counting them ·in an argon alpha counter 

at 52% geometry. Two samples .weretaken Irorri.each mass fraction. 

Tll'e specific alpha activities of the various samples are given below 

in Table 1. · 

Mass 
Fraction 

208 

209 

210 

Table 1.: , · 

The. specific alpha activity of the yarious, 
bismuth mass fractions 

Counts per min.' per mg. of bismuth 
:·sampl-e 1 · · Sample 2 

0.6 ± 0.3 0.9 ± 0. 3 

0.3 ±·o. 3 ~<0. 1 

64 ± 5 71 ± 5 

,--;·. 

~. 

• 
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The unseparated bismuth had a specific alpha"aCtivity o£""'2 counts 

per min. per mg. of·bisriluth. 

:. 3. Conclusions. --The incre·ase of the specifiC activity in the 

210 mass fraction over that of the unseparated bismuth, along'with 

the corresponding decrease of the specific activity iri·the 208 and 

209 mass fractions gives direct proof that the assignm·ent of the 

1 1. d 1 h · . B· 210 
ong- 1ve a p a achv1ty to 1 was correct. 

c. . ' ·. 210 
Alpha Decay Energy of Long-lived Bi · 

Th 1 h d f . h 1 . 1·· d B· 210 t d e a p a ecay energy o t e ong- 1ve 1 was repor e 

1 
by Neumann, :_t al. to be 5.12 ± 0. 05 Mev. From data available 

at that time the alpha decay energy of :RaE was calculated to be 

4. 94 ± 0. 10 Mev. Since the publication of that paper, data has been 

published making possible a better calculation of the alpha decay 

energy of RaE. Availability of enriched Bi
210 

samples from the 

Calutron made possible the preparation of thin samples of Bi 
210 

of 

higher specific activities than heretofore. This, along with the use 

of better alpha energy standards, made p.os sible a more accurate 

determination of the alpha decay energy of the long-lived isom·er. 

1. Experimental procedure.-- Thin samples <;>f enriched Bi
210 

were prepared in the following fashion. The samples from the 

separated 210 mass fraction described in the previous sec~ion were 

dissolved from the platinum disks with conc~ntrated HN03 . Portions 

of this solution were treated in the same manner as described 
' ~·· . 

previously to get thin samples of bismuth electrodeposited onto 

platinum disks. 



·,·· 
' 

The kinetic energy of .the alphA. .pa~ticles~ ~p:::1~tted by the long­

lived Bi
210 

was then measured by coJ.mting,the samples in an:· 

ionization chamber connecte_d_to_ a 48=channel differential pulse 

height analyzer. The distribution of p-glse heights. from the ,alpha 

. particles of the Bi
210 

compared to tho.se from ,~lpha .particles of 

known ·energy standards enables one_ to determ~n~ the ·aJph~ particle 

f h B
.210 

energy o t e 1 ,._ 

2. Results.-= The r,esults of t~e f_ive_ runs made on the alpha 

, pul_se analyzer are listed in Table 2. 

·Table 2 -

Determination of Alpha Part~cle Energy of Long=liv.ed B:i
210 

Run. No. 

1 

2 

3 

4 

5 
.. .-:-;;-· 

Alp]J.9-." Energy \Mev} 

4.92 

4.94 

4.94 

4.93 

-4.945 

-... 
,. 

.~I ,.. :··· 

., 

On runs 1 to 3, inclusive, the puise analyzer ~as calibrated 

by ~aking -sepa~ate ~uns with samples ~f'Ra226 pius its daught~rs. 
. ; '' . -' . '208- . 210' -- i ,_ .:. • . ; •• '· - . - •.• 

On runs 4 and 5, Po and Po were run simultaneously with the 
- 210 -.. '- ·- : - . ·-·. - -_ -

Bi , providing an internal standard for the energy calibration: . 
.-, 

Figure 1 shows the puise a~alyzer curve for run 5. -
' -

A weighted average of the~e re~ults yields a vaiue of 
_ _; •• .r• 

4. 935 ± 0. 020 Mev for the alpha particle energy of the long-lived 

Bi
210

. Correcting for the recoil of the residual nucleus results in 

',6: 



ALPHA 
COUNTS 

-10-

5.108 
Mev 

CHANNEL NUMBER 

MU-5983 

Fig. 1. .Alpha pulse analysis of long-lived Bi 210 . 

E.c. 
MEV 
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an alpha decay energy of 5. 031 ± 0. 020 Mev. 

H the observed alpha decay of the long-lived Bi
210 

did not go 

to the ground state of Tl
206

, then it should be followed by an 

isomeric transition. Judging from :other alpha emitters, it seems 

likely that if the decay does go to an excited state of Tl
206

, it would 

go to a low~lying excited state, and the transition to the ground state 

would be internally converted sufficiently to be easily observed. The 

following experiment was conducted by D. C. Dunlavey of this 

laboratory. An llford G5 photographic plate was impregnate·d with 

a solution containing some of the enriched Bi
210 

After a .suitable 

time, the plate was developed, and the number of alpha tracks which 

had in coincidence with them electron tracks of <150 kev energy was 

determined. Dunl_avey reported that the number of these low energy 

electrons in coincidence with alpha particles was very small and 

could be attributed entirely to the beta spectrum of the ~1206 daughter. 

Thus, in all probability the.value 5. 031 ± 0. 020 _Mev doe\:l represent 

the total.alpha decay ener.gy of the 'long-lived Bi
210 

3. Discussion.== Byusing a closed energy cycle it is 

possible to calculate from known decay data the alpha decay energy 

of RaE. 3-5 
The following decay energies were used in the calculation. 

T 12o6, 
Ef3= = 1. 51 ± 0 .. 01 Mev 

RaE, . _Ef3- = 1. 165 ± 0. 005 
'. ' 

Po 
210 

E 5. 401 ± 0. 005. 
' = a. 

These are all total disintegration energies. These values yield a total 

alpha decay energy for RaE of 5. 056 ± 0. 020 Mev. 
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Comparison o(the alpha decayenergie's'fo~''bbth isomeric 

states of Bi 
210 

yields the result that th~ long -li~ed :Bi
210

·1ies 25 ± 40 

kev below the 5 -day RaE state. The two states. lie so close together 

in energy that although the long-lived isomer ~ppea~s to be the ground 

state, our present experimental errors make it i~possible for one to 

state with certain~y which is the 'ground state and which· the metastable 

excited state~ 

It is possible, however, to draw conchisions as to the energetic 

relationship between RaD {Pb
210

) and the long -lived Bi 
210

. RaD 

· . · I 5 
decays to RaE with a total decay energy of 65 kev. The long-lived 

Bi
210 

lies 25 ± 40 kev below RaE. Therefore, RaD should be unstable 

with respect to the long-lived Bi
210 

by 90 ± 40 kev. Regardless of 

h . h f h f B. 210 · . · . h . 1 th w 1c o t e two sta.tes o 1 1n question 1s t e ower state, e 

210 
decay of RaD to the long -lived state of Bi should be energetically 

possible. 

. . . 210 
These considerations led to a search for the long -lived Bi 
: ' . 

in uranium ore where it would be in equilibrium with RaD. The 

results of this search will be described in a later section. 

D. Decay of the Long-lived State of Bi
210 

to Po
210 

The 5 -day state of Bi 
210

, RaE, decays principally by beta 

. . . p 210 
emission to o . The beta decay energy of RaE is 1. 165 ± 0. 005 

Mev. 
3 

Since the long -lived state of Bi 
210 

was determined to lie 

25 ± 40 kev below RaE, the long-lived Bi
210 

should be unstable with 

210 . 1 respect to beta decay to Po by 1. 14 ± 0. 05 Mev. Even with a arge 

spin change involved in the beta decay, such a large disintegration 

energy indicated a good possibility of observing the beta decay. 



1. Experimental procedure.,-- A sample of the long-lived 
. . . ; . ' ... ·. : ' •· .... '. ':, _: ·.:.:•.' i 

isomer of Bi 
210 

was produced by a prolonged neutro!l bombardment 

on a slug of bismuth metal. The bis_muth was di_ssolved a~d 

'purified, then allowed to stand until all of-the RaE had decayed. . . . ' . ' . . . . . ' ' . 

The Po 2~0 was then removed by repeated precipitations of 

tellurium .carrier with stannous chloride. 

The purified bismuth fraction as obtained by this ~uthor 

. consisted of -50 grams of BiOCl containing -105 alpha counts per 

minute of the long-lived bismuth activity. As an adqed precaution 

the BiOCl was dissolved in }ICl, and further precipitations of 

tellurium carrier with stannous chloride were made to ensure the 

210 
rem<;>val of all of the Po . 

The experiments to determine the amount of branch decay of 

th 1 1. d B. 210. P 210 . d . h f 11 . e . ong ~_1ve 1 · 'to o were carr1e out 1n t e o ow1ng 

fashion. The purified bis~uth (in HCl solution} was allowed to 

stand for a period of time sufficient to allow an easily ,d,etectable 

amount of Po 
210 

to grow in~ The solution,· after. standing,. was made 

208. 
3-4 N in HCL A known amount of Po was added as a tracer so 

that the chemical yield of polonium could be determined by the 

f
. 2"08 h . . . 210 

amount o Po t at went along with the Po Ten to twenty 

milligrams of tellurium carrier was then added as tellurious acid. 

The tellurium was precipitated as the metal by the addition of a 

few milliliters of a SnC12 solution, the polonium being carried along. 
. . . . 

The precipitate was allowed to settle and then removed by centrifuging. 

The precipitate of tellurium ~after washing with 3!! i-ICq was 

dissolved in a few drops of concentrated HN0
3

. About 5 ml of 
.• 
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6 N HCl were added, and the tellurium was again .precipitated by 

saturating the solution with sulfur 'dioxid~, the polonium no:W remain-

ing in solution. The solution was then extracted twice with ·equal 

volumes of 20% tributyl phosphate indibutyl ether. The polonium 

was back extracted from· the organic ~hase with concentrated HN0
3

. 

The HN03 fraction was evaporated to dryness, ·and-the residue was 
- ~ 

taken up in -10 ml of dilute H
2
so

4 
solution (6 ml cone H

2
SO 4 /100 ml 

solution). This solution was electrolyzed in exactly the same manner 

as that described for the deposition of the bismuth samples. The 

polonium was deposited as a weightless sa~ple onto a platinum disk. 

The polonium sample was then placed in an alpha counter 

:and counted at 52.% geometry to determine the gross alpha activity 

of the polonium. The sample was next counted in an alpha 

differential pulse height analyzer to determine from the ratio of 

210 . 208 . 210 ., 
Po to Po in the sample how m1.1ch Po was in the entire 

bismuth solution at'the time of milking: 

.Amt. of Po 210 

in bismuth 
solution 

= 
A t f P 

210 . 1 A t f m . o o 1n s amp e m . o 
.. f p. 208 . 1 . x Po208 

Amt. o o 1n samp e added. 

. 210 
Furthermore, from the amount of Po that was present in the 

bismuth solution and the time allowed for growth, one can calculate 

how much Po 
210 

activity would be present at equilibrium from the 

following relationship: 

where 

. * , -X.t . 
A = A (1 - e - · }, 

A P 
210 . . . 1 t• t h . f "lk" = o achv1ty 1n so u 1on a · t e hme o m1 1ng1 

A* -- p 210 . . . . 1 . t o achv1ty 1n so uhon a 

210 
X. = the decay constant of Po 1 

equilibrium, 

t = time allowed for the Po 
210 

to grow in. 



2. · Results. =co:: In all, thre.e polo;nh1m m,~lks we:.re carri.ed out 

on the solution of tpe 1png=lived .J3i
21

?;-::·--Th:e .. :r,esultf?..,ar~; sP.ovvpJn 

Table 3 .. 

No. 

.. , 
' ·' 

.... 

Table 3 
,•. 

l • ~ ' ! ~ ' 

' .t'' ·.: .. 

Milking of Po 
210 

from Long-lived :~i~lO, 

of tnilk · A(c/min). -.t(days }! ; . A*( I . ) '· c: .rrfln 

'' 

1 172 199 272 

2 121 '83 356 

3 116 82 '344 

'' 
~ .. 

.·;. 

It. was def:ided to discard the results of,the first milk for the 

f 11 . . In ff. . p 2 0 8 ' d lt. . .. o ow1ng .reasor~.. . su 1c1ent .. o trac,er was use , resu 1r1.g 1n 

poor counting statistics in the pulse analysis and leading to, · , , 

·unreliabl~ values for,,A .and ~ * .. ~ proper corz:ections f()r b_acJcground 

a:qd overlapping of the. peaks. could have been made, the valhe Jor A* 

would have approached more clqs,ely those· obtained in the s.econd and 

third milkings. Statistics in the second cind third milks were much . . '. 

better~·· Taking an average of milks two and th~ee,. one obtains 

A* = 350 c/m 
av. . 

for the amount of Po 210 that would be present in the bismuth .so.1ution 
!,.:·· •.. i 

at equilibrium. 
• ! . ~ 

The total alpha activity of the bismuth solution was. determined 

both before and after the milking experiments were carried out. 

The results are shown in Table 4. 

\' 

'' ' 

/ 



-16-

Table 4. "· · ' 

Total Alpha Activity of the Bismuth Solution 

· Before milkings 

After milkings 

Average 

= 

= 
= 

Alpha counts/min. 

9.71 xi0
4 

9. 45 X 10
4 

9.58xi0
4 

In the determination of the alpha activities of the various 

samples from these experiments, all of the samples were counted 

at the same geometry (52%). Therefore, in order to find the ratio 

f h f d f. h 1 1· d B. 210 P 210 t . t f o t e rate o ecay o t e ong- 1ve 1 to o o 1ts ra e o 

decay by ;lphaemission to Tl
206

, one need only to divide the number 

A* by the total alpha activity of the bismuth: 

Rate of decay to Po
210 

Rate of decay to Tl 206 -

350 .. 
4 

9.58xl0 

1 
= 273 

. 210 . 
In other words, one nucleus undergoes decay to Po for 

about every 270 alpha decays that the long-livedBi
210 

.state undergoes. 

3. Discussion . .__ Since we cannot say with certainty whether 

the 1 1. d B.ZlO R E . th d t t th . t ong- 1ve 1 or a 1s e groun s a e, ere rema1n wo 

possible paths by which the long-lived isomeric state might decay to 

Po210. 

If the long-lived Bi210 is actually the. ground state, then the only 

possible mode of decay to Po
210 

would be by beta emission. Since 

the half -life of the long-lived Bi
210 

for alpha emis sian is -10
6 

years, 
. . . 8 

the half -life for beta decay would be -2. 7 x 10 years. 
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If, on the other hand, RaE is.the ground state, the long-lived 

state d - -t ·-p 210 · t - - - 'It ·t"ll d -- b d" t may .ecay · o o · __ -rn wo ways.·.:: mays_;~. ~ ~cay y uec 

beta decay, o-r it may first' undergo· isomeric 'transition to RaE with 
~ ~ ~ . . 

210 
s.ubsequent beta· decay ·of RaE to Po - StilLanother possibility is 

a combination of both these 'two m-odes. 

E. S h f L 1. d B.210-.' -h -- earc _ or ong- rve 1 rn t e 
:., . 

Decay 
·.·. :· 

As was pointed out in a previous section, com·parison of the 
" .. ;·. ; . ·: - 210 

alpha decay energies for the long-lived Bi and for RaE indicates 
.... ,, .. •-

that the long -lived state lies 25 ± 40 kev below RaE. Since RaD 
. _.,: 

;_ . ~ 

decays to RaE with a total decay energy of '65 kev, RaD should be 
. ·- ' - •,. . . -- ·.'2l0 ·- - r,. ·:. 

unstable wrthrespect to the long-hved state of Br by 90 ± 40 kev. 
. . . ~ . 

- . - 210 
Therefore, it is _energetically possible for the long-lived Bi _ 

to be formed in the beta decay of RaD. Because of the very long 

. . :210 . -· . - . . --.-. 
hfe of thrs state of Br -., theop1y place it might be possible to see 

it as a decay product of RaD would be in uranium ores, where both 
--- 2Hf . --• - --- . 

the RaD and the long-lived Bi would be present in equilibrium 
. ·. ... .· 

- . - 238' - . . -- .; . ' . 
with the U parent. Accordingly, the bismuth fraction was removed 

from a sample of uranium ore and examined for the p·resence of the 

.. long ~live~ Bi 210 ': --- . 

7 1. ....... ' _, . 

1. Experimeptal procedure. ~- A 50 gram sample of uranium 

ore «-49% u 30'8) was _taken and gro'-m_d into a fine powde~. The ore 

was then digested in hot conc_entrated HN0
3 

for several hours. The 
-"• ',:;.. . • ! - • '.·. 

mixture was filtered, and the ~esidue was taken and digested once 
. ' 

-·' 

again in concentr-ated HN0
3 

and finally in aqua regia. The three 
~ ' . . .. , .... 

filtrates were then combined. 
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To remove most of the. nitrate ion from the solution excess 

NH4 OH was added, the mixture filtered, the filtrate discarded and 

the precipitate dissolved in HCL Th~s step was repeated. The 

acidity of the resultant HCl solution was properly adjusted, and it 

was th~m saturated with H
2

S and allowed to stand overnight. 

The sulfide precipitate was removed by centrifuging.·· The 

precipitate was then dissolved in HN0
3

. The nitrate ion was 

removed by twice adding excess NH
4 

OH, filtering and dissolving 

the precipitate in HCl. The resultant HCl solution was again 

saturated with H 2S and allowed to stand for several hours. 

The sulfide precipitate was removed by centrifuging, and 

then diss.olved in HN0
3

. The solution was diluted; and H
2
so

4 

was added to precipitate PbSO 
4

, thus car·rying down almost all the 

RaD. The PbS04 was centrifuged off·~nd discarded. 

To the remaining solution was added 5 mg of inert lead carrier .. 

The solution was then made ammoniacal and excess ammonium 

carbonate was added ~to keep the uranium still remaining in 

solution}. The solution was saturated with H
2

S and allowed to stand. 

The sulfide precipitate was centrifuged off and washed 

thoroughly with a saturated ~NH4 ) 2co3 solution. The precipitate 

was dissolved in HN0
3

. This ·solution contained the bismuth 

fraction of the ore. 

The last traces of RaD were removed in the following manner. 

The dilute HN0
3 

solution containing the bismuth fraction was run 

through a column of Dowex-50 cation resin, both the lead and the 

bismuth sticking to the column. After being washed with water, the 

column was. eluted with 1 N H Cl, most of the bismuth coming off in 
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the first fraction, while the lead lags· fi:l.r behind •. '.· 

The bismuth fraction was taken and evaporated to dryness. 

The betaactivity of this sample w·as followed and.showed only the 
' . 

5 -day RaE half -life, indicating that a· good separation had been 

effected. The amount of RaE present at the time at which the bulk 

of the RaD was removed was :5.-5 x l0
6

disintegrations per minute. 

The. bismuth sam·ple from the ore was allowed to stand until 

.·all of the RaE had decayed. R was then neces sar.y to remove all the 

210 
Po from the sample in order .to be able :to detect a small amount 

of the long-lived bismuth alpha activity. This was done in the 

following manner. The sample was. taken up·in HCl. A:q aliquot 

was taken, evaporated to dryness and taken up in 1 ml of concentrated 

HCl. The concentrated HCl solution was run through a column of 

Dowex"'2 anion resin. ·The column was then washed with 10 ml of 

concentrated HCl. The two put-through solutions were combined. In 

this. operation about 70 -8.0% of the bismuth comes through the column 

while almost all of the polonium sticks to the resin. (This was 

determined by previous tracer experiments.} This process was 

repeated once again. The final solution was evaporated to dryness 

ori a platinum disk and checked for gross alpha activity. Then~ were 

3 counts per minute at 52% g,eometry on the platinum plate.· 

The sample was then counted in an alpha pulse analyzer to 

. determine wh~t fraction, if any, of the alpha activity was due to the 

long-lived Bi
210

;. All of the alpha particles from the sample had 

an energy corresponding to those of Po
210 

The limits of detection 

were such that the total bismuth fraction taken from the ore must 

·have contained less than 5.;6 disintegrations per minute of the 
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l l . d B.210 ong- 1ve 1 Therefo.re, · we can deduce that the ratio of the 

. 210 
amount of long-lived Bi to that of RaE in the uranium ore was 

-6 
less than 10 . Correspondingly, the fraction of :the decay of RaD 

which results .in the long-lived Bi
210 

is less than l part in 10
6 

F. S:ummary and General Discussion 

It may be well to summarize briefly here what is now known 

about the long.,.lived state of Bi
210

. The mass assignment is confirmed 

6 
to be 210. The half -life of this state is -10 years. The principal mode 

of decay is by alpha emission, the alpha decay energy being 5. 031± 0. 020 

M Th l .1. d B.210 l d. p 210 l d ev. e ong.,. 1ve 1 ·. a so ecays to o , one nuc eus un er-

going decay in this fashion for about every 2 70 which undergo alpha 

decay. Comparison of alpha decay energies indicate that the long-

lived state lies ~5 ± 40 kev below RaE. This means that RaD is 

unstable with respect to the long-lived Bi
210 

by 90 ±40 kev. 

H h f R D h d h l l . d B.210 owever, t e amount o a t at ecays tot e ong- 1ve 1 

compared to the amount that decays to RaE is less than l part in 10
6 

Since the experimental error involved is greater than the 

actual difference in energy between RaE and the long-lived state, we 

cannot say with certainty which is the ground state of Bi
210 

However, 

discussion of the various possibilities may throw some more light 

on the long-lived state of Bi
210 

For the purposes of the discussion it would be well to 

remember that Ra:b decays to RaE with a 22-year half-life, and that 

RaE decays to Po 
210 

with a 5 -day half -life. Also, RaE is considered 

to have z·ero . .spin ;a.nd odd parity, 3• 5 Figure 2, showing the decay 

paths of Bi
210 

and genetically related nuclides, may help the reader 

in the following discussion. 
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. Fig .. 2. Decay paths of Bi 
210 

and genetically 
related nuclides. · 
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L,et us first assume that the long~lived st~te does lie 25 ·kev 

below RaE. This ·would mean that the decay of the long -liv:ed .Bi 
210 

to Po
210

proceeded by direct beta decay. With a beta energy of 

1. 14 Mev and a half -life of ..... 2. 7 x 10
8 

years, this decay would have 

a log ft value of -.18. 3. There is. only one other known nuclide that 

undergoes beta decay with both an energy and a half =life of this 

same order of magnitude .. ·Potassium 40 has a maximum beta 

energy of 1. 33 Mev. and a partial beta decay half-life of 1. 3 x 109 

years,? giving it a lot ft value of 18. It is known that the beta decay 

of K
40 

involves a spin change,of 4. Thus, it would seem by analogy 

that the beta decay of the long-lived Bi
210 

would involve a spin change 

f .4 'bl t s· P 210 b · 1 ·o or poss1 y grea er. 1nce o , e1ng an even-even nuc eus, 

has a spin of zero, the long-lived Bi 
210 

would have a. spin of 4 or 

gre·ater. 

Furthermore, one would conclude from the data at hand that 

the beta decay of RaD to the long-lived Bi
210 

must have a half-life 

greater than 22 x 10
6 

years. Along with a maximum beta energy of 

90 kev, this would entail a log ft value greater than 13. 6. A log ft 

value this large would iri,dicate, at the very least, a spin of 3 or 

greater for the long-livedBi
210

. 

Still further, the absence o~ the long-lived isomer in uranium 

ores means that the half -life for the isomeric transition from RaE 

4 
to the long -lived state must be greater than 1. 4 x 10 years. Using 

. the Weisskopf formula, 
6 

one can estimate the lifetim·es for various 

types of 25 kev gamma emissions in Bi
210 

(neglecting internal 

conversion). For 25 kev M3, E4, and M4 transitions, respectively, 

5 7 
one obtains 'T (M3) ..... 0. 3 yr., 'T (E4} ..... z x 10 yrs., and 'T (M4) ..... 4 x 10 yrs. 

~ ~ ~ 
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·Taking into' account interna~ conversion, whic_h ~<;>u~d speed up the 

transition; ·any·transition .. involving a .spi:q chang~- of le.ss the3:n 3 seems 

completely out -of the question~ ·It would be !lecessary; fdr the, transition 

to have an energy of less than .5 kev before eyen ?-n M3 tran,s.ition 

would have a chance ·of .giving anywhere near .. a l,ong: enqughlifetime. 

With a lifetime greater than 1. 4 ·X 10
4 

yrs .. (and again neglecting 

internal conversion) ·an E4. transition would have to h~ve an. energy 

'of <33 kev, and an M4 transition an energy of <60 kev._ The long= 

lived sta.te, lying 25 kev below RaE, easily fits into. tp.is range. 

Since RaE is a 0= ·state, this .is·f:urther ind.ication that the long­

lived Bi 
219 has a spin of 4 or· possibly greater~ 

On the other hand, suppose the long~lived state lies above 

RaE.- It is not likely to be more than 15 kev aboye RaE. If. the decay 

to Po 
210 

went by direct beta emission, there would again he a log ft 

value of -18. 3, and the discussion previously based_ on this condition 

would still apply. 'If, however, the decay of the long:"'liv~d state 

actually 'went by way of initially undergoing ·isome.ric transition to 

RaE, then the direct beta dec;;ty to Po 
210

.would involve a log ft 

value of greater than 18. 3. This in turn would indicate a spin change 

> 4 . . f th 1 1" d B. 210 P 210 1n go1ng rom e ong = 1ve 1 to o 

Consider, too;.·_ the isomeric transition itself.. It would have to 

8 
ha:Ve a mean lifetime equal to :or greater than --:.4- x 10 yrs. For 

simple· gamma ray emission the following lifetimes would apply for a 

lkev gamma-ray: 'T (E3).'.""'6 x 10
6 

yrs., 'T (M3) -109 yrs., and . 'Y '{ . . . ' 
17 .• 

'T '{(M4) -3 x 10 · · yrs. ··.Taking i.nto account. internal conversion, here 

again it seems highly unlikely that a spin ch;:tnge of less than 4 occurs 

between the long =lived Bi 
21? and the RaE state, 
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This discussion of the various possibilities stiUopen shows 

that whether the long-lived Bi
210 

lies above or below RaE, present 

information strongly indicates that the long-lived state of Bi
210 

has 

a spin equal to or greater than 4. 

Bismuth 210 has 83 ·protons and 12.7 neutrons, both being just 

one beyond closed shells. RaE is designated as a o.:. state. Applying 

·Nordheim's rules, 
7 

and making use of the fact that the odd. ·proton 

in Bi
209 

is in the h
9

/
2 

state, one would guess that the most likely 

configuration for the RaE state would be h
9

/
2 

:-- g
912

. With the 

two states of Bi 
210 

lying so close together, it is probable that their 

configurations differ m.erely by transferring one .of the odd nucleons 

(either proton or neutron) to a different but close lying level. 

Possibilities for the configuration of the long-lived .state would be 

h 9; 2 - g 7; 2 or f 7; 2 - g
9

/ 2 , both of which would give l<I ~ 8 

for the spin by Nordheim's rules. Also possible is h
9

/ 2 - ill/ 2 ' 

which would give 1 < I~ 10. All three of these possibilities would 

. h 1 1' d f B· 210 dd . · g1ve t e ong- 1ve state o . 1 o panty. 

RaE with an alpha decay energy of 5. 0;56 Mev has a partial 

half-life for alpha decay of 2. 7 xJ0
4 

years. 
5 

The long-lived state 

with a decay ·energyof 5. 031 Mev has an alpha half _.life of -10
6 

years. 

Both of these half -lives are much longer than would be predicted 

by simple alpha decay theory. However, in the emission of an alpha 

particle from Bi 
210 

both the closed shell of 82 protons and the closed 

shell of 126 neut.rons are broken open. It would not be surprising 

to find that breaking the closed shells open causes quite a hindrance 

in the decay. There is no informatio!l available whereby one can 

predict how far the half -life for alpha decay should depart from simple 
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theory in s,uch a case. 

' In conclusion, .it appears that the most likely designation for 
•, :·.•. 

the long-1 ived state of BiZlO is 4-·. However, a spin of greater than 
..... ' . . '·.·· :.. ' 

4 still remains a distinct possibility. A spin of less than 4 or even 

pa,rity for the 1ong-lived state both seem highly unlikely on the ba.sis 
. ' . . . . ' . ~ . 

. of present information. 
: .. 

II. RELATivE· YIE.LDs·rN THE'FORMATION OF NUCLEAR ISOMERS 

A:, Introduction· 

In studying the fission 6f bismuth.by high energy protons 

W. · F. Biiler 8 had oc·casion to ·measure the. yields of. sev~ral 
. . 

nuclides that possessed; is6m.eric stafes'. In aU. cases where it was 

possible to determine or to estimate ·primary yields,. formation of 

' the i~ome~ \vihi the greater spLn;· whether it was:··the gr·ound state or 

an excited ~tate, was favored over that of the state with the .. lower 

spin, so:i:n~times to the apparent exclusion· of the latter. 

Not very mU:ch has 'appeared in the literatur·e cbhcerning the 

yields of isomers in nuclear reactions,' especially high energy 

reactions. ·.Most of what does appear is based on the formation of 

nuc,lear iso'mers by means of the (ri.~ )'} reaction at low neutron 

.energi'es. 9 • 10 The article's di~c~ssi:tigforrl1ation of isomers in other· 

·types c:>f r'eactions 11 "'15 give no 'clear ""Cut'picture of what mi'ght 

happen as one increases the energy" involved in the. reaction beyond 

the range of 5-20 Mev. 

In their 1949 review artiCle on nuclear isomerism E. Segre' 

and A. c. I-iehnhoizW presented a pd'ssible clue to what one might 

expeCt in the formation ofis'o~ers at high energies. In:discussing 

; '· .. :. 
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the different yield~ of SOJ;ne isomers formed bythe (n, y) re(iction at 

different neutron energies, they made the following suggestion: "If 

the ·energy of the neutrons captured is increased S<? that .capture 

occurs over many levels of allpossible angu~ar .momenta, one 

might expect that the influenceof the level in which.the capt':lre occurs 

will be washed out, and in the limiting case. only the·. statistical 

weights (2I + 1) of the isomeric states themselves should determine 

the formation cross section. 11 

In the cases discussed, the neutron energies never were high 

enough so that the capture could take place over a very wide spread 

of angular momentum states. Therefore, their idea was not subject 

to test. 

One, however, can extend this reasoning to· nuclear reactions 

in general. The key point is the formation of the final nucleus in 

highly excited states covering a wide range of angular momentum or 

spin values. If this condition is achieved, then the relative. number of 

nuclei ending up in each of the isomeric states should be determined 

simply by their respective statistical weights, (2I + 1}, regardless 

of how the final excited nucleus was formed., In other wprds we 

might then write: 

(j 
m 2Im + 1 

= 21 .. -+ 1 J 

g· 

where cr and I are the cross section and the spin for the metastable 
m m 

excited state, and cr and Ig are the corresponding terms for the 
g 

ground state of the nuclide in question. 

If this line of reaso·ning is valid the.n <?Im + l}I(Zig.+ 1) would 

be a limit_ing value for the ratio cr I cr • 
m g If one were to plot cr . I cr 

m g 
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versus energy (of the reaction.p·roducing· the i:som:ers ), . the· cur·ve 

would approach (21m +1)/(2Ig + 1) asymptptically. The ratio CTm/CT g 

might approach the limiting value from.;either above or below depend-

ing upon the spins of the ta:bget~nudeUs, •the· bombarding projectile, 

and the isomers .. ' But it would never cross the line repr,es¢!lting 

the va11.ie (21m'+ l·)/(2Ig + 1) a:nd·would,only .. reach this value when the 

reaCtion energy was high enough to form the·rexcited final nucleus 

over a wide range of spin states. 

In high energy fission or spallation many. particles .. are "boiled 

out" of the compound ·nucleus either before or during the actual 

formation of the _excited final nuCleus; · Even :if these particles 

coming out of the compound nucleus carry off relatively little angular 

·· ·· · momentum, the fact that there are several ,of these particles gives 

rise to a -wide range of possible spiri states in whiCh the final 

excited imtleus may be form.ed. Thus,. we might expect that the 

relative yields of isomers of a particuJa-n nuclide. formed by high 

energy fission or spallation. would be :.in proportion to their respective 

statistiCal wel.ghts .. , .. 

The· results found ·by Biller for the' high energy fission of 

bismuth do not bear out this hypothe·sis. However, high.energy fission 

ai:id :spallation reactions are rather complex; and one cannot always 

be cer~ain th~t he is determining prirrtary yields. The reasorting 
/ ~ 

employed in the above paragraphs would not apply to the yields of 

isomers formed in decay 'processes: 

A better test of the hypothesis could be provided by a study of 

the formation of a pair of isomers by the simplest type of nuclear 
, ... , 

reaction (X(a, b)Y. This may be written in more detailed fashion as: 
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1. a+X;+C* 

2 . * * C -Y-:-+b 

3. y* _. ym + '( 

or. y* - Y + "'· 

As the energy of the bombarding particle, a, is increased, a 

can bring larger quanta of ~ngular momentum to the system. Like­

wise, particle b may be emitted from the compound nucleus with a 

larger £ (angular momentum) value. ·Thus, as the bombarding energy 

is increased, Y* is formed over a wider and wider range of spin . . 

states. One may eventually reach an energy where. he can tell 

whether or not (21 + 1)/ (ZI + 1) will be the limiting value for the 
m g 

ratio IT. /IT • m g 
58 

For the purpose of this thesis the isomers of Co . were chosen 

for study. This isomer pair has severaladvantages.. It can be 

p.roduced by a s1mp1e (a, n) reaction on manganese, which has only 

one stable .isotope. The decay scheme is simple and wellknown, 

and the half .,.lives involved make it- easy to work with .. A major 

advantage, as will be pointed out later, is the fact that one can 

avoid the necessity of estimating counting efficiencies. 

For the purpose of accurate analysis of the data, it was 

necessary to know accurately the half -lives of t~e two Co 
58 

isomers, 

especially that of the shorter-livedCo
58

m. Acc~~dingly, these 

were checked by this authqr. Two careful independent determinations . . . .. ' 

of the half~life of Go
58

m each yielded a value of 8. 96 hours for the 

half -life. This checks very well with the le1test quoted figure in the 

literature,. 9. 0 ± 0. 2 hrs. 16 . A check on the half-life of thelong-lived 

58 
Co gave a value of 72 days, which fs just what was reported by 
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Livingood and Seaberg. 5 • l7_. Th-& decay 'scheme for the two Co 
58 

isomers is shown below: 3• 5 .. , 
c

0
58rn ( 5 +) ~__;:;,;;:;.__"""T""" __ _ 

lOOo/o 
0.025 

. '(2+) 0 

.-:-~ . : : ,~ ~ . ' r • 

. ~ .. ~ 

0. 81 
} ' .. 

IOOo/o 

Goldhaber and HiU
3 

assign a spin of 2+ to the ground state of 

. Co 58 ba~ed upori log ft values of the decays to the excited state of 

58 -. . 
. Fe · and the subsequent 810'•kev transitionto-.the ground state of 

-. 58 
Fe . Th · f h · · ···. f' 5 · C 58m · h b · f th ey urt er ass1gn a sp·1n o +to ·. o ·:: on t e · as1s o e 

lifetime and conversion coefficients of the 25 kev transition;::,. 

C . . ' "th' .. c 60 1 . t . b t th . . t ompar1son Wl·· · · o a so seem-S , o ea•r ou . ese,.asEngnmen s. 

Therefore,· for Co 5
8
,· (21 +;1)/(21 + l) = 2:2. m g . ~ 

~- : ... .··. '-
B. Experimental Procedures 

1. 'Jiomba~dment procedures. =-The.yields ~f the Co
58 

isomers were studied by. bo~bardi~g 'm~riganese with alpli'a 
. . 

particles in the Berkeley b'o =inch cyclotron. :fu ~il the bombard= 

m.ents \he target material used was M~S04.-H20 powder. 
; l .. 

In most of the bombardments ~ "thick targeti' was used. In· 

. these case~ the MnS0
4

· H
2
0powder was pressed wafer=like onto a 

·grooved ah.lrriinum backing plate. The po~der' w·as then covered with 
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thin platinum and tantalum foils to keep it in place. In the last few 

bombardments a "thin" target was desired. A paste was made of 

the target material. This was then spread on an aluminum foil and 

dried. The foil-with the thin layer oftarget material was then placed 

on the aluminum backing plate and covered with thin foils to keep it 

in place. 

The energy of the bombarding alpha particles was varied by 

placing different thicknesses of aluminum foil infront of the target. 

2. Chemical separation. -- In all of the bombardments the 

cobalt fraction was separated chemically before counting. The 

chemical separations were carried out in the following manner .. 

Because some Mn0
2 

was always formed in the bombardment, the 

target 'material was dissolved in warm dilute HCl to which some 

Na2so
3 

was added. The solution was then neutralized with KOH, 

and then made 2-3 Nin acetic acid. A few milligram-s of cobalt 

' carrier was added, . and K
3

Co«N0
2

)6 was then precipitated by the 

addition of a few milliliters of a saturated KN0
2 

solution. The 

precipitate was centrifuged and washed two or three times. Then 

the precipitate· was dissolved in warm concentrated HCl and 

manganese carrier was added. The solution was neutralized with 

KOH, and the cobalt was reprecipitated as K3Co(N02 ~ 6 in: the 

manner described above. The precipitate was again centrifuged and 

washed. It was then slurried on t.o a depressed aluminum disk and 

dried. The disk was then: mounted on an aluminum plate for counting. 

3. Counting methods. -- Co 
58

m decays 100% by a 25 kev 

. . . . c 58 c 58 d b 1 t t d 1somer1c trans1tlon to o . o ecays y e ec ron cap ure an 

by positron emission to an excited state of Fe 
58

, which then decays 
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58 
instantaneously to the·ground state of-Fe . by em.ission of an 810 kev 

gamma ray. 

It is possible to count the radiations from Co 5
8 

to .. the exclusion 

· 58m 58 
of those from Co . ·The decay curve for the Co . ··alone will show 

a 9-hour growth tailing into 72-day ha~f-life;·>. It is possible to resolve 

out the two components of the curve and to obtain the amounts of ' 

. 58m 58 
both Co ·.. and Go · present at· the ·end. of the bombardment. The 

method used to effect this resolution will he explained in .the next 

section. 

In the two bombardments at low .energies {9. 5 Mev and 11. 3 Mev} 

the cobalt fraction was c'ounted in a chlorine tube Geiger -MUller 

counter:.·. The radiations from the Co 
58,~ were .stopped by placing 

an aluminum absorber 222.mg/cm
2 

thick between the sample and 

the counter window. Thus; only the Co~ 8· activity was observed. 

57 
In the .bombardments at higher energies Co,, . was formed along 

. . 58m 58 
w1th Co · · .· and .Go · . ..Therefore,. a different counting method had 

to be used. Accordingly the- gamma rays from the cobalt fra~tions 

'were counted with a Nai ·CrystaL that was connected to a differential 

. pulse height-analyzer<. This provided a spectrum of the gamma rays 

58 
of the cobalt fraction, from which the 810-kev gamma rays.of Co 

could easily be .res.olved; The .intensity of the Co
58 

activity was 

obtained by·m.erely integrating under the 810 kev gamma ray peak. 

·.These methods· avoid the tricky problem of estimating the 

counting efficiencies of both Co 5 8~ and' Co 5
8

• Here both 

acHviti~s are effectively normalized to tlJ.e same counting efficiency. 
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C. T_reatment of Data 

The first problem in handling the data obtained is to determine 

the amounts of both C:o
58

m_and Co 5
8 

initially present at the end of 

the bombardment. The excited state deca~s lOO.o/o by isomeric 

transition to Co
58 

which then undergoes ·eledroncapture and 

+ 13 -decay. If we use the subscripts 1 and 2 to denote-the states 

58 58m . o 
Co and Co , respectively, and A is the activity at the end of 

the bombardment and A. the decay constant, then the equations giving 

A d A th . . . . . a£ b b d 18 · i an 2 , e act1v1t1es at tlme t ter om ar ment are: 

and 

A
2 

= A 0 e -A. 2 t' 
2 

In these ~-experimentS:·; Al alone was determined directly at 

0 . 0 
various times after bombardment. From these data A

1 
and A

2 

were obtained in the following fashion; 

Sine e >..2 > >..1, · let -13 = >../( >..1 - >..
2 

~ and the second equation 

above may be rewritten as follows: 

A = (A 0 + AAP~ e -A.1t - AA 0 e -A.2t 
1 1 ~-" Z1 .~-" 2 · . · • 

. . A.lt 
Multiplying this equation through by e gives 

A 1 is a measured quantity and >..v >..2, and 13 are known. If A 1eA.lt 

is plotted against e«~l .. A.2)t, a straight line of the f~rm y =a + bx 

is obtained, where a = {A~ + I3A~} and b = -13A~. The quantities a 

arid b can be determined accurately by the least aquares method, 

. • 0 0 
and from these A 

1 
and A

2 
may easily be obtained. 

To obtain the relative cross sections CT 
2 

and CT 
1 

one need only 
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apply the following equati9n~ ~~.~--:.·:_,_, 

wh,~r~ t Jis th,e du~at:i;?n.time p_f- the ,_bg:rn,b,a~dme~t at;d .<P represents 

the flux, c;le.~~.ity ,of tl~e, pomhar,c;ling p~rticles (and c,ancels out in 
. - -·· .. :~ . . . - . ·- . .. . . . . '; : 

·. '··D, 'Results 

The majority of the bombardments to pr.oduce the Co
58 

isomers 

by the {a, n} reaction on Mn
55 

were carried out on thick targets. 

The alpha particles were degraded in energy in passing through the 

target ~ate rial. Therefore; instead of obtaining the' ratio o- I o-.. m g 

at thepart~c:ular bombardir~:g energy, 

:the rati~ 

o­
m . 

cr· g 
. :: 

what- was actually found was 

Here o- represents the cross:•section at a given .alpha particle 

energy, E; the'lfmits of i~t'egrati6n are from the energy of the 

incident alpha pa~ticles·~- Eo, to the .ene,rgy the alph<t particles have 
.. 1 .. .. .. '. . . ·,: ,· . . . . 

after passing· :compl~te:j.y: ~hro.~gh the target, .. Ef; and w is a weighting 

factor corresponding to' the different amounts of target material 

thatthe alpha particles of-different energies· effeCtively see. 
{ :·; : ~ \. . . ~ ~ ; . ) ·: . '- ' . . 

Obviously, i{ the ratio o- /U: crosses the ''limiting" value of 
·. ... •:- - m g, 

{z!'·· i>l.)/(21 + ij·; then s'omewherein the ran:ge between Ef and Eo 
_ .m g .. 1 

the r~tio o- ·./rr crosses this ''li~itingi' ~alu~; 
m, g 

' !: _, 

.. 
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Below is a table of values of (T /<T for the formation of Co
58 

. m g 

isomers by the ~a., n) reaction on. Mn55 at various bombarding 

energies Ei. In all the cases in Table 5, Ef = 0. Also included 

19 .is a point determined at 17 Mev by K. Strauch. 

Table 5 

58 
Values of (T j(T for Co · at Various E .. 

m g 1 

E. (Mev} (T /<T 
1 m g 

9.5 0.98 

<11.3 1. 24 

13. 6 1. 44 

17 1.7 

21. 0 1. 96 

23.6 2.08 

As is seen in Table 5 the ratio(Tm/<Tg has n~t yetgone beyond 

2. 2 at Ei = 23. 6 Mev. However, since the cross ~ection for ~he 

(O:, n} reaction reaches its peak in this case at -15 Mev and then falls 

off, .the ratio <T /<T does not give a complete picture of what may 
.·· ·. . m g . : . : ..... : 

be happening at higher alpha energies because the major contribution 

to (Tm/<Tg comes from the region aro.und the cross section peak. 

Accordingly, an attempt was made to reduce the thickness of the 

targets. The results of the bombardments with thinner targets 

are listed below in. Table 6. 



Table 6 

' ·============================ 
E]. (Mev) 
" 1 

23.7 2.·3 ± 0.1·'. 

23.9 -19 2. 9 ± 0. 2 

23. 7 .-23. 3 .. 7 ±.0.:3 

'. 

The last three bombardments show J;>eyonp any doubt that the 

ratio u /u ·· for Co 58 isomers does go beyond 2. 2 for sufficiently 
m g .. 

high alpha energies. 

E. Discussion 

It is plainly seen from the last few bombardments on Mn55 

to form the Co 58 isomers that the ratio (2I + l}/2I + 1) does not 
. m g --

act as a limiting y~lue to the ratio um/u g· Is there any way, then, 

that we can prediCt what might happen to 'the r'elative yields of 

isdrn·ers as we incre~se the bombardin'g e~ergies? A detailed 

quantitativ'e analysi's of the' proble·~ w~uld be iurl'easi"ble here, 

be<':aus~ ~f the diffichlty in calculating ~uch factors as barrie'r 

penetra'b'ilities and b~dui~e of the lack of sufffci~nt knowledge of 

'ieve'lderisities and spin 'states i.rl excited ~uc'lei. However, a 

ci'ualita:ti~~ treatm~nt m~y b~ applied with some su~~ess .. 

· L~t us ~on~ider 't:he f~r~ation of n~clea~ 1sorn~rs by the 

simple. ~·~a~t'ion X(a, b )Y. It is conv'enient to· break the reaction into 

three principle steps: 

1. Formation of the compound nucleus, C *, 

* X+a-+C. 
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2. Break-up of the compound nucleus to give the 

excited residual nucleus, ·y*, 

c*- b + y*, 

3. De-excitation of the excited residual nucleus 

by successive gamma ray emission ending in 

either of the isom.eric states, 

or 

y*-+ Ym+ y, 
y*- y + '(· 

Let us consider step 1 first. When a bombarding particle, a, 

is absorbed into a target nucleus, x, it may bring into the syst'em 

~certain amount of angular momentum,·£. We maywrite the cross 

section for the capture of a particle with angular momentum, £, 

as foilows: 
£ 2 

0" c = (2£ + 1} 11'( T£ {E}, 

where T £ (E} is the factor representing the penetration of the .potential 

barrier (coulombic plus centrifugal}~ The ·higher the £ value of the 

incoming particle, the harder it is. for the particle to penetrate the 

potential barrier. However, as one increases the energy of the 

incoming particle :above that of the barrier height, T £ (E} approaches 

one. Then as we increase the bombarding energy, reactions of 

higher £ values become more· important because of the factor 

(2£ + 1}. Since the spin; J, of the compound nucleus is the resultant 

of the vector sum of the spin of the target nucleus, I , the spiri of 
~----· X 

the incoming particle, I , and £; the larger the value of £ the ·wider 
a 

the range of values J may take on.· 

Now consider the incoming. particle bringing in a particular 

value of£. The compound nucleus can have any spin possible by the 



vector ~dcl.ition of~x' I~, ·ain~ t. Ho~eve7_' __tile r~lative probability 

that the compound nucleus. will, be formed with the spin J will be 
: : . . · · · . : • ., .: , . ~ • · I l ;-- . . · :. - ~-- ~ : . ·: , 

proportional to the statistica,l weight of that state, {2J + 1). 
. ,·· r.·• •. 

Thus, as we incre(ise the energy of the incoming particle, 
;, I • . 

reac_tion~ involving l(lrger £ values become J:nOre and more 
j. ·~ .• _, • . • • ,. ' .... ,!, . ; ~ '. . . . ' : ~ '; ' ' . ' ' . . ~ • • ' .: • 

important. The COII).pound nucleus is form~d over a wider and 
. ~;· -·, ! . ·, " • • ' • .. ; -~ ~··. • - ·: ... • . .' • : ~ : ·, ,. , I I .: .; .• 

wider range of spin states with the higher spin states being some= 

what favored because of their great~r statist~.cal weights . 

. ~tep _2,, the break=up of th:e compound nucleus~o giye the 
:-.· .: '. -.•.. · . i.,: l • • . ·' • ·-. •• •• •. : ; • ; 

excited residual nucleus, Y*, can be treated in a similar manner. . . . . . .. . - . . -·. '.- . ,· . . . ~ . . . . . . ' . 

In leaving the compound nucleus, particle b must als.o penetrate a 
/ :·,_. ;. .. ·--._ . , .. -: : r· ,: -·-. - .. . :. : . ~ -··_. . . . -:· . ;·· . :· . ·. _; ·. . . 

potenti~l_b~r):"_ie~ .. :r.hegreater ,th~ exCitatio:?:_ ~ner pY of th~ compound 

nucleus, the greater the amount of energy that b cancarry~ff, and 

also the greater the amount .()f angu1ar mOmentum, £I, that it may 

·le.ave.<with., The.spin of the excited residual nucleus, .IY*' is-the 

resultantof'the- vecto-r ,sum ·of the _spins :of.the compound nucleus 

· ·. <' and the particle b and the,angu1ar momentum c-arried off,: £ 1 
•. 

Therefore,. as :the e_xcitation energy of the .compound nucl.e'lls is 

incr.eas.ed, th~ excited residual nucleus can be formed.over an 

increasing range -of spin states.; Here again. formation-of the,higher 

spins is'> favored. because· oJ their· greater statistical weights . 

. Combining steps .1 and -2 the· following r.esult is obtained. 

, As the. energy ofthe bombarding particle :is inc:reased,- the excited 

.,, re-sidual nucleus i§ formed- over a wider and.·wider :range of spin 

states. The formation of the states: with the higher spil1.s will be 

··favored because of their grea~e-r statistical weights. 
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Now to consider step 3, the de -excitation of the ex'cited 

residual nucleus by successive gamma ray emission. It is known 

. that nuclei, even wh~n excited to fairly high energies,' in the 

process of de=excitation by gamma ray emission do so by the 

·emission of a relatively small number of successive' gamma rays. 

Furthermore, these gamma rays are of low multipole order, dipole 

or at most quadrupole. Therefore, ~ne would-not expect very great 

spin changes to occur in the de -excitation of y*. High spin states 

of y* should decay predominantly to the high spin isome;. Low 

spin ~tates of y* should decay predominantly to the low spin isomer 0 

Here,. too, we have an additional factor to favor the formation of the 

high spin state. · If an excited state has a choice of decaying to two 

lower states, all other factors contributing to the half-lives being 

the same, the decay to the state with the higher spin is slightly 

favored because of its gr~ater; ~tatistical weight. 

If we now combine the three steps, we obtain the following 

result. As we increase the energy of the bombarding particle, y* 

is formed over an increasing range of spin states, the formation of 

the higher spin states being favored over those with low spin. This 

in turn means that the amount of the high spin isomer finally formed 

will continue to increase relative to the amount of the low spin 

isomer. There would be ~ particular limiting value that the ratio 

cr /cr would approach at high energies . 
m g 

Just how rapidly cr /cr will approach and .cross the value 
m g 

~2J + 1}/{21 + 1} as the bombarding energy is increased will, of 
m g 

course, depend largely on the spins of the target nucleus of the 

bombarding projectile, and of the isomeric states to be formed along 
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with the potential barr~er to. be pen~tr:~~ed~ ,Another factor that 
" J '- •. Jl·. '. ·._; . . 

may ent_er is .the _relative proportions qf the diff~rent spin states 
- . • .. ~ : • .•. ; : ; ·. .... ':..; -' .t . '. -. ; "' . ' .. .: 

lying _b~tween tl?-e l,!pper stat~ and ~he ~ont~:t!:U.ll::rn in the final nucleus, 
." . ·- -· ' .. . . ·-' . ' · .. 

Y. - Sti~l a,nother factor W()uldl::leJhe e~istence pf ,a .~tatelying _close 
• '·' ... ' •• j '· • - • _.... • ' 

t9 tl}epair of iso:rper~c states, andfeeding p'redomin~mVy into one 
' ··,-·· - 1' • ..., 

of them .. These effects yvould all serv:e t() ,vary the rate at whic.h 
-·_; 

IT /IT changes with energy. -:m , .. g.-·.,- ·- , .... 

Two bombardments were carri~d o:ut py _this author to produce 

23-hr Hgl<t?m2 and 65-hr Hg197 by .<l (p, n}, reaction on Au197. 
I'. . . . ·. . . . . -' '- . . , . , ' , , . 

. Golg_l97h<l.S a spin of 3/2, while Hi 9
7
m2 has a .spin of 13/2 and 

. " . . . ' -:· . . ·- - · .. - :. .. :. ,: . . . '' -- ; ·.: ) - ' : 

Hg
1
:: asJ>in of 1/2~ 5 The~:<e ,is ,also .aHg

19
:ml,state lying between 

,t~e ?~he~ ~VI;'o states,_ poss~ssi~g .a sp~n of S/2, and feeding almost 

1~7 
. instanta~eou~;ly into the ground state Hg _ . The bomba:.;dments 

. '. . . ' . . . ~ - . 

w~re carried out a,t proton energies of 10 and _20 Mey, respectively. 
• • ~.. 0 c. • ', : ' ', ,o ', ' ' : 0 ' ... : • o ,: o I 

The Hg
197

m2 act_~vity,was Jollowe~ ~y __ means ~f th~ 133 kevgamma 

. :ray which o~cyr,s ini~s decay to t~e grou:n? s_tate. The Hi
97 

activity 

was followed by means of the 77 kev gamr:pa ray_which occ_urs 
. ~;. ,- '-. .· i . . ·. .. . _;· .; . . . . ! ' . . • 

follq:wtl'l;g the electron capture ... The K x:=-rays of gol9 and mercury 

are, in ap. energy ;range indu<iing .the 77 kev peak, a:rld it was estimated 

197 
that about h,<;ilf of the_ele~~ron capt-qre decays of. :Hg ., produc~d 

K .. x-rays that cownted in tJJ.e 77 key peak. Afte_r making corrections 
:-. ', . : ·.· .. . ,'. - . . : :. -.. _;_ . .' -·-.. . 

. for.~""::rays and inter~al converE)~on of the garpma rays.,· it was 
.... - . . . .' . . ... -

found that_ at 10 Mev o-m
2

(1T!rwas -o_.. 22, ;and at .20 M7'1( o-m 2/~ g 

wa,s_- ""'0. 24. These data are in marke.d contrast to the results 
.. · . ·,· 

obtained fo:rthe Co
58

i_.somers inthis ~~e~gy rapge, and demonstrate 

~ow the,_ various factors mentio~ed aboye .?Tiay affect.the value of 



•• 

•7rsmo/~ ~rcr;~ \rf:! ~~~~0oisff{e -rHvg· i9~"'i1s(~··~-~j;I1tK~~~0a~~J·~r 1~~~1c-three 
m g . . 

2 
1o :::.r;I.sv ;,rH f:woy~.:od T19w- o;_~ bf.uow· ·ry\ T or.!l:-'1 e.r{j :rs.rH b;rs 

factors present that would tend to retard t:n:e· increase of the 

. 'f .;.. .. E!\rr + . T$.) 
formation of the high spin isomer relative to the fo·rmationtof the 

low spin isomer a~;9:P:~if~~sr~:~&e~~t~lf~:f~l}~rgyi!J as compared to 

, ~;;; rrth!'tlc~,§;~ rRJJ!~~i:lY:2.f 8• ;tsc;>,ii:Jl~rd~l:· :~L£~~.c~F~~f~;m~t!m;_l;~?.f. J~_!;le,,,ffg 19 7 
isomers 

~~r:; \~h~:r;,~-1~~:1 a_,g!~'!t,~,;r;.rP3~r~p S!Pi~-1 ~p~J~.ge;:tJl~.gp_i:qg ~~~<;?,PH tJ?:.~::Ja~~-ge10 
,~ ·s. 

, \.H. ltt_l~.~J~;u;s ~~gc,t~Y.rllli,g_hvsB}!?-;}~t:9-J:~:.!:x}:Y~i1~:~tE:~),<?X~ . .:ri.3lJ.~~p,fll;:,c.£~~g}~ !~:J 

lo g~~:q.g tmt4~hAo~i ,~p,i!J- t?t.'il:.t_~ ~I? a~t}.l~ f?;p~g. o:Al~_q, ~~P.~ 5 ~ptc.,i.fB:g?-l 

tucP<?~~~tJ-ti<j.lfq:r ,p,~,qtonf?{'i.~. g!:.~~f~:r:,th~P.;rfo~o~lp9~.tPit.:.r_tAcA~:;.t .m~a~iHg 

it more difficult (9XrrP..;t;·!?..!O..P.-~;.~!9 Jg.:i~.~g, i!J:.-r!arg~ <:~ng~JJe~.JcN?RJ.~~~HfD 

·~·9-?-J:lg~_:S..:f<!t&h~ §.~ .:;~.!1}·~-~~g!~ ~ q~;; .. J!:h~!h !99 •;.q~tt.):f!g 1 2_?r.i:1:q~X:;~As Jthe presence 

of.:th~.,S/2• ;snin,.stat~ whic,h . .,fee4srdi.rec.tly. into .. )the low .spin,s:tat¢ . 
..J .•. l......,,o,; ..... .J.-.. r:: .... ·~~.,_.~.~,.~..~tJ ,P,!,+~·• ..,...._'...i4-.l.,.;,_..._.._'l\"'<l.c/.io •• .; .. ;.._.·,.\., J•.i·~,o.J.. .. t.,.,J.;, :·•:....L•l._ ..!.. ,> ~ r~ 

states in the region between the continuum and the low-lying 

58 197 
isomeric states for the two nuclides, Co and Hg , may have an 

dd d ff t H . . . . h . h A 19 7 d ) a e e ec . ence, 1t 1s not surpr1s1ng t at 1n t e u ~p, n 

reaction one would have to go to higher energies than in the Mn
55 

(a., n~ reaction to obtain the predominance of the high spin isomer in 

. the product nucleus . 

.In the cases of spallati.on and high energy fission, the incoming 

particle brings in a great deal of energy, and many particles are 

boiled off before the final excited nucleus is formed. . Each time a 

nucleon enters or is emitted, a spin change can take place, and with 

each spin change the proportion of high spin states formed should be 

increased relative to the number of low spin states formed. Thus, 

it would seem quite likely that in the formation of isomers by 

spallation and high energy fission the formation of the high spin 
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isomer would be highly favored over that of the low spin isomer, 
'. . 

and that the ratio 0'" /a- would go well beyond .the value of 
.. m. g . . . . . . . ... 

(21 + l)/{21 + 1). 
' m' .. ,g.: 
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