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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
" Audgust 1953
ABSTRACT
In Part I, the previous work on a long-lived alpha-emitting
isomeric étate.of Bi210 has been re%zised and extended. The mass
assignment has been confirmed by separation of mass fractions,
and the half-life of this isomer is now eétimated to be ~106 years.
The alpha decay er}érgy was redetermined to be 5.031 £ 0. 020 Mev,

O ies 25 + 40 kev below

RaE. The branch decay of the long-lived state to Po210 was

indicating that the long-lived state of B121

detefmined and found to be about one part in 270. A search
resulted in an upper limit of one part in 106 being set for the
amount of the long-lived state present in uranium ores relative
to the émount of Rak pré_sent; A discﬁs sion of the relationship of

the long-lived state of Bi210

to szm, f{aE, and Po210 is presented,.
showiﬁg that a likely designation for the lc’mgalive'd state is 4-.

| In Part II, the formation of nuclear isomers in reactions is
examined on the basis of results obtained for the isomers of C058
from an (a, n) reaction on .Mn55, The results on the C058 isomers
prove that the ratio ‘(ZIm + 1)/(21g + 1) cannot act. as a limitihg

value for the ratio o-m/dg' A qualitative analysis of the mechanisin

for the formation of isomers in nuclear reactions is presented.
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metastable excited state, while. RaE was the ground state of Bi

4o

I. ISOMERIC STATES OF BISMUTH:210 -

A, 'Introduction. '

In 1950 Neumann, Howland, and Perlinan' reported thé”

existence of a long-lived isomeric state of Bizm forined by pro-

~ longéed neutron bombardment of bismuth. “After all the RaE had

‘decayed out and the bisrmuth fraction haa'been'-répur‘ifi.éd;‘ a

long-lived alpha étctivity remained. This alpha activity was

ass‘,igned'to Bi210 on the basis of experiments in WhiCh'the,daug’hter,

206 .

T1°"", was milked from the bismuth fraction.

The above mentioned authors looked for the growth of Pozm

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-

kann 'na.tu‘rvall'y occurring state of Bizm, which decays with 2 5-day

‘half -life by B~ emission and has only a very small amount of alpha

decay branching,.

The abéve authors also measured the 'aipha particle energy of

th_i,s‘longmlived"BiZlO' by means of an ionization chamber connected to

' a differential pulse height analyzer. From data then available it .

" “was also possible to calculate the alpha energy for RaE. Comparison

of the two alpha energies indicated that the long-lived isomer was the
' 210
Palevsky, Hughes, and ]En:ggle;r2 reported the total absorption
cross section for pile neutrons on bismuth to be 30 millibarns. The
activation cross section for the formation of S-day' RaE is only

15 millibarns. It is probable that the difference between these two -
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values represents the cross section for the formation of the long-lived
isomeric state of Bizm...,‘_‘-lf the cross. sections for formation of the
two states and one of the half-lives is known, it is possible to estimate

the ha_lf=-1ifé_pf'the other state by c,or_n/paris}_onh of the, am_ognts of

.activities of the two, states formed in a bombardment.

. Ththe, value
of 15 m_illibg_r_,n_,s i§ »}J:.s__eq'_{f_or ;F}\]:‘.(%_‘C?’QSS, g;:_.e,’::(‘::_tio;él‘,f_or‘ ,for}ux‘plat,i,o_r‘x c})fb‘the
long-lived _Biz_loi_, one obtains a half-life of 7:196_ years for this state.
::jr"u-,rther; c:on‘sidera'tio,ns and glgyelo_pme\nt{‘st’ ma.delt de_s.ilravlble
to. go over (and revise, if necessary) and to extend the work done on

O_. .. The energy s'e_pa,rvatvi'on of the two isomeric

Ea thg long =lived_v BiZI_
. states made _ﬁhe«apéaregt _a.Bsenge of .i,so:rnericv,'tlj‘a,ng_itiqn_ sg_gm.rather
puzzhng __,A__Th(}eg(bet‘ter samplgs-pecame _?vailablelmaki_ng it.pqssible
. to. dv:et(errwnvine‘,,with greater accura_cy_ some of the _cha_ract'er‘i.st_ics of

the ,,lo_ng Tli.-v'edr bis_muth alpl}a emitter. A’__T__he’ mass. abssigvnrr‘)_e_pt___was

-.confirmed by means of separated mass fractions; the alpha energy

was redetermined with greater accuracy; and a successful search
210 | ’

_ \{va_svimadel_f,t_)‘}' 1;he brar‘l“ch_._decay to Pq . The results L,Qf this work
. led to a revision of some of the previous conclusions conc erning the
~relationship between the ﬁlongflix{edﬁs’tav’cé of B1210 and the 5-day RaE,
‘anq:also"_-_l'e_d to azgeaxghr_jor the Alqggjliy;_e_d igorp._e#r_ﬁ 1nuran1um ores.
__Tias,_the"p;:odu:cyt of a 'po_sls_ib}.:e ?;gnq_h_ flecayiﬁo_fv_ RaD. L
ZI.r}';conc'l}lsign, the_po;sible_xjelétlions}}ip ofthe lpq_gTIiygd’_isoimer
;. to RakE and to RaD is discussed in the l_zi_ght‘l"iof.thvve,r_e_sg}tvs obtained

in« :t':_his'work" i NPT . R .- B PR



N -6-

B. Confirmation of the Mass Assignment

of the Long=11ved Isomer ‘

All the available samples of the long 11ved Bi. 10, sinc.e'it is
formed by an (n, y) reaction on natural blsmuth conta1n a

209

considerable bulk of stable Bi If this long fliy_ed alpha emitter

is actually an isomeric state of ,5%210,’ then any separation of the
bismuth fraction into vvari_‘ou;s:maso fractions sho'uld_ result in an
increase in the specifio activity of the 210 fmgosﬂfraction and a
corresponding decrease in the s_pecific activities of the other ‘mass
fractions.

A oample ofthe long—lived bismutn alpha emitter, having a
specific alpha activity of <2 counts pe_r.minute_per mg of bismuth,
. was eleotr_omagnetically separated into differﬂe‘nt_mas_s fractions on
_tho Cal‘ut_r’on at Oak Ridge National Laboratory. The masé fractions

_208,’ 209, _ and 210_we're collected and exgmined_in the manner

_ de{_scrib_e:'_d in the following section.

1. :,Experimental procedure. -= The varions_ b_:'rsmuth mass
fraicti‘-ons; were rec.éiv.ed in nitric acid solutions. Samples of each
m':a,os fraction were taken and prepared for c.onnting by electroplating
bi§muth rnetal onto tared platinum disks. ~

The electroplatingof the bismuth was carried out as follows.
A portion of the solution contéinin‘g a givén bismuth mass fraction
was taken and first evaporated to dryness several t1me.s with
.hydrochlorlc 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 HZSO'4 to 100 ml
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of solution.
The sulfuric acid solution containing the bismuth was then
‘transferred to a sfnéll. cylindrical electrolysis cell.” The anode was
a rotat1ng p1at1num rod wh1ch also served to keep the solutlon stirred
) durlnglelectrolyls‘ls. The cathode was'a taréd platmum disk. ‘The
"vafidlis'sélﬁtiéns were ele_ctroljrzed'at an average curfent density
of 1 to'.?;“r»r"]i'il-iar‘hi)s" per cm®. The voltage across the cell ranged
from 2.0to 2.5 volts. The de‘ﬁos.it"lof bismuth metal covered a
’ é‘ircul_ar' area about ‘6ne inch in diameter. After 'eléétf.:olysis’ was
c’éihpietéd, the platinum disk was washed with dilute sulfuric acid,
water, and finally alcohol, and then dried under a heat lamp.
Théfpll'a_ti'nilfri disks we fér; then weighe"d.'to‘ determine the amounts
of bismuth »d_‘epqsiited) " The deposits ranged in weight from 1. 6 mg
to':‘lz;, 5 mg.

"2." Results. - ‘The armount of alpha activity on each of the
samples :was determined by counting them ‘in ‘an argon alpha counter
:_.atf’:‘JZ%'g"_’eo.met"i'y.” Two samples .were taken from ,,e'ach.r'nfa.ss fraction,
The specific alpha activities of the various samples are given below
ih"Ta.blerl.:- '

.- Table 1..

- The:. specific alpha,acfiv,ity, of the various. -
bismuth mass fractions :

Mass o Counts per ™in. per mg of blsmuth

Fraction B Sampl‘e T e : - Sample 2
208 0.6£0.3 0.9 %0.3
209 0 o U0.3%0.3 0 - L ik00 1

210 o 645 . o . TLxS
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The unseparated bismuth had a specific alph-a' activity of ~2 counts
per min. per mg. of bismuth. - | |

7. 3. Conclusions. == The increase of the specific activity in the
210 mass fraction over that of the unseparated bismuth,:along:with
the corresponding decrease: of the specificwé‘"c‘tivity in‘the 208 and
209 mass fractions gives direct pr'oo‘}f' that the assignment of the
‘ long'-lived alpha activity to Bi210 was correcf. o

- C. Alpha Decay Energy of Long-lived Bi?10

The alpha decay energy of';che long v-l'ivvved‘Bizm was rleported
by Neumann, et _a_}_zl to be 5.12 £ 0. 05 Mev. From data available
at that time the alpha decay energy of ‘RaFE was calculated to . be
4.94 % 0.10 Mev, Since the publication of that paper, data has been
published making péslsible; a'better calculation of the alpha decay
" energy of RaE. .Availability of enriched Bi210 samplés from the
Calutron made possibie the f_)reparation of thin samples of Bizm of
higher specific activities than heretofore. This, along with the use
of better alpha energy standards, made pos sible’ a more accurate
determination of the alpha decay energy of the long-lived isomer.

1. Experimental procedure. - Thin safnples of enriched BiZIO

werelprepared_in th¢ following fashion. The samples from the
separated 210 mass fraction described iﬁ the pre_;@o‘us vsecvfcion were
_dissélved from the platinum disks with congéntx;ated HNO3. IP.ortions
of this solution were treated in the same manner as deséribggi
previously to get thin samples of bismuth electrodeposited o;xto

platinum disks.
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The kinetic energy of the alpha particles: emitted by the long-
lived Biz'10 was then measured b'y counting:the sa_mpl;e_s in an -- .
ionization chamber connected to a 48-channel -d‘,i_f—ferential pulse
"~ ’height .analyzer. - The distribution of pulse heights from the alpha
Lparticlesl of the 'Bialo- compared to those from alpha particles of
known ‘energy standards enables one to determine the-alpha particle
energy of the Bisz.
2. -‘Results. -= The,fr.,'esults of t,lle ’_f:iye_,runs __rnade onthe alpha

. Pulse analyzer are listed in Table 2. |

"Table 2 . L
Determination of Alpha Particle-Energy of :Lo.ng_:-liv,ede_i;Z_l-o.- .
R — s
1o o 4,,'9.72._,_‘_"
s s

Onruns 1to 3, i(ncllusvive the pnlse"analyzer";!\i)as calibrated
by maklng separate runs w1th samples of Ra2'26 plus its daughters.

>On runs 4 and 5 Po208 and Pozm were run s1r:r1nlt:anedusl?'\x7‘itlj1 the

BiZlo,' pr0v1d1ng an internal standard for the energy cal1brat10n

Flgure 1 shows the pulse analyzer curve for run 5
‘A we1ghted average ‘of these results y1e1ds a value of
4.935 %+ 0. 020 Mev for the alpha particle energy of the long-lived

Bizm, Correcting for the recoil of the residual nucleus results in
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T T T T .

Ex
ALPHA MEV

COUNTS
2401 540
200} 530
160}~ 5.20
120} 5.10
80} 5.00
40— 490
olse - 1 | 4.80
0 ' ) L 20 L] 30 | IT:)

CHANNEL NUMBER

Fig. 1. Alpha pulse analysis of long-lived Bizm.
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an alpha decay energy of 5.031 £ 0. 020 Mev.

If the observed alpha decay of the long-lived Bi21»0 did not go
to the ground state of T1206, 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 T1206, it would
go to a low-lying excited state, and the transition to the ground state
wquldlb.e internally converted sufficiently to be easily observed. The
following ‘experimen.t. %/as conducted by D C _bunlavéy of this
.1aboratory, An Nlford G5 photographic plate was im’pregﬁafééi with

210, After ;a;.s'uitable

a solution containing some of the enriched Bi
time, the p}la-_terwas developed, and the number of alpha tracks which
had in coincidehce_ wﬁth them electfon tracks of <150 kev "energy was
determined. Dunlavey reéorted that the number c.)fv thesé 1§W'energy
electrons in ,cbinci-dence with alpha particles was very s%‘aéll and
could be attributed entirely to the be‘ta‘_L“':spe‘cifrum of the I;'l-206 daughter.
Thus, in all pfobability the value 5. 031 # 0. 020 Mev does represent
the 'tota'l'iﬂalpi;a de,ca? éner_g:y‘ of the "lo_hg=1ivéd B1210 e

3. Di.'-;*,cus'sion; - -By*usiné-a closed e:nergy cycle it is

pdssible to calculate from known decay data the alpha decay energy

- of RaE. The following decay energies wereused in the calculation.

11206 Eg. = 1.51 0.01 Mev
RaE, Eg- = 1.165 + 0.005
Po?® 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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Corri‘pérfson of't'h,e_alpha' deca.y"erie:‘r-g:ie"sw'{féff"'b'blfh‘ jsomeric
states of Bi’'0 yields the result that the long-lived Bi%'0 lies 25 + 40
kev below the 5-day RaE state. The two states lié so close together
in energy tha;c although' the long -lived isomer éppeaiis t.gj be the ground
‘state, our present expe.riméhtal errors make it 'i-fn"po.svs..‘iiﬁie'fb‘r one to
state with certainty which is the ‘ground state and Whiéh: the metastable
' egccit‘ed. state.

It is pos sible, however, to d"rav;v" conclusions as to the ene‘rgetivc
rela_tionship'betw.een RaD Vg(PbA'Zlo)'and the 16ng-lived Bi210. ‘RaD
decays to RaE with a total decay energy of 65 kev. > T'h_ebiong -lived

210

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

10

with respect to the long-lived Bi2 by 90 + 40 kev. Regardless of

which of the two states of BiZIO in question is the lower state, the
decéy of RaD to the long-lived state of Bizm should be ferierge'ticaglly
possible.
- . . ' SR .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.

10 to Po210

D. Decay 6f thé_ Long-lived State of Bi2

The 5.~da$r state of Bizm, RaE, decays prihcipz;lly by beta

emissi;)n to PoZIO, The beta decay energy 6f RaE is 1 165 + 0. 005
M’_e.v. 3~ Sinqé the long-lived state of Bi210 was determined to lie

25 :I:-é.lO kev below RaE, the long-lived Bi210 should be vur;stable with

210 by 1.14 + 0. 05 Mev. Even with a large

respect to beta-decay to Po
spin change involved in the beta decay, such a large disintegration

energy indicated a good possibility of observing the beta decay.
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1, Experimental procedure. -- A sample of the long-lived

isomer of Bizml_w_as produced by a pr-olonged ‘nent,ron bornba_r'dment
on a slug of bismuth metal. The bismuth was Adi,s s‘ol-v_ed_and
. purified, then allowed to stand until all of the RaE had decayed.
. The P021_9 was then removed by repeated precipit_at__ionsrvof” |
tellurium carr1er with stannous chlorlde '. A |

The purified bismuth fract1on as obta1ned by th1s author
_consisted of ~50 grams of BIOC]. containing ~l_05 alpha counts per
minute of the long-lived bismuth 'actii_,rit?, As an added precaution
the BiOCl was dissolved in l—I_Cl, and further_precipitations ot
,,_itelluri‘um carrief with stannous chloride were_ made to ensure the
removal of all of the POZIO, |
The exper1ments to determ1ne the atnount of Ibranch decay of

210

the long -lived B1 to POZIY0 were carried out in the following

fashion. The purified bismuth (in HCl solution) was allowed to

- stand for a period of time sufficient to aillow an easily detectable

- amount of Po210 to grow in.. The solution,-_after standing,’ was made
3- -4 N in HCl‘ A known amount of Po208 was added as a tracer so
that the chemlcal y1eld of polon1um could be determ1ned by the

amount of Poz0 that went along w1th the P0210° Ten to twenty
-‘rn1ll1grams of tellur1um carrier was then added as tellurlous acid.

The tellur1um was preclo1tated as the metal by the add1t1on of a

few milliliters of a SnCl solut1on, the polomum be1ng carr1ed along.
The i)rec1p1tate was allowed to settle and then removed by centr1fug1ng

The prec1p1tate of tellur1um ((after washlng with 3 N HCl)) was

d1ssolved in a few drops of concentrated HNO | About 5 ml of
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6'N- HC1 were added, and the tellurium was ‘again precipitated by
- saturating the soluti'c:m'-with.' sulfur dioxide, ‘the pdéhium' no‘W remain-
ing in solution. The solution wa.s then extracted twice with equal
volumes of 20% tributyl phoéphéfé ‘in:dibutyl ether. The polonium
was back ‘extfacfea fi‘qr.h' the p;‘éé.rlﬁc phase \;/.i;:h:cé)ncervltrated HNO3.
The HNO3 ffe;ctioh v‘va.sv -éfrap»orat.e:d,ﬂ'to'»dr.yun‘ess:,_-»andv-the, residue was

%
ml

taken up 1n ~1O ._nm(l of dilute HéSO4 ;ol}ition (”6 ml cqn.c HZSO4/100v

solution). This solution was electrolyzedvin. exactly the sarﬂe manner

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

poloﬁium was deposited as a weightléss sarﬁple onto a platinum disk.
The polonium sample was then placed in-an alpha counter

* “and counted at 52% geometry to determine the gross alpha aétivity

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

differential pulse height analyzer to determine frbﬁ) the ratio of

210

‘Po to Po?%® in the sample how much Po?10 was in the entire

bismuth solution at’the time of milkingf

: 5210 . CL
..Am,t_. of Po Amt. of P0210 in sample Amt. of
in bismuth = x 208
D P - 208 ., . Po4%
solution Amt. of Po in‘sample

added.

Furthermore, from the amount of Pozm

that was present in the
bismuth solution and the time allowed for growth, 6ne can calculate

how much Po210 activity would be present at equilibriﬁ.m from the

following relationship:

A= A%L - ™My,
where .
A= PoZ'10 activity in solution at the time of milking,
A" = Po activity in solution at equilibrium,

A = the decay constant of PoZlO,

t = time allowed for the P0210 to grow in,
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2. Results. -= In all, three polonium milks.were carried out

.on the solution of the long-lived ;3&19;.;,,.1}1_3, results-are shown.in

- Table 3. L R 70 SV B P E S AR A O
Table 3

Milking of Pozlogf_romh Long-lived B1210 o

- No. of milk: ‘A(c/min) . (days) » A¥(c/min) .} o7
1 172199 272
S qa1 gy age.

3 116 sz U 34a

s .

. It was: (Tiegicvied to.discard the results of .the first milk forvth(‘a

- following reason. ’.,Insuffic‘ientb.P,ozogvtr'ac.v,e;_' was used, resulting in
poor counting 'st.ati,stics in.the pulse analysis-and leading.to : >,
unreliable values for A and A*, If proper corrections for background
and overlapping of the peaks. could hnav_e,_be‘envm,ad_v'e, the .value.for A*

- would have approached more closely those obtained in the second and
third milkings. Statistics in lt‘l"lev seqona and third milks were much
be,tvte.r-;_‘ ' Tak'irig an é'v'e‘-ra;"gé,bf m1lks t\&o andthree, _o’ne obtains

%

A
Tav,

o = 350 c/m

for the ‘aréou;lt of szl‘o that ‘w-oxuld. be pr e_s_,_e'nt_ix‘; the »b"i'sm_utlln‘ -;oilution y
at equilibrium,
| N The tot>a1vaiph;a acfix}itgr -éf tﬂé bivsr.r;ut_h‘ .é:élution was ‘Ad‘e;cezl;’.‘mined

both before and after the milking experiments were carried out.

The results are shown in Table 4.
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Table 4

Total Alpha Activity of the Bismuth Solution .

'Alpha counts /min.

- Before milkings = 9.71 x IO4
After milkings = 9.45 x 104
Averag-e = 9.58 x 1104

In the determination of the alpha act1v1t1es of the various

samples from these experlments, all of the samples were counted

at the same »geometry (52%). Therefore, in or der to f1nd the ratio

of the rate of deoay of the long-lived B12 0 to Po210 to its rate of

decay by alpha emission to T1206, one need only to divide the number

A¥ by the total alpha activity of the bismuth:

Rate of decay to po2t0 _ 350 - _ 1

Rate of decay to T1**°  9.58 x 10 273
In other words, one nucleus undergoes decay to Pozm for

about. every 270 alpha decays that the long- 11ved B1 210 | 'state undergoes,

3. Dlscus smn - Slnce we cannot say w1th certamty whether

the long-hved Bi 210 or RaE is the ground state, there remain two

poss1b1e paths by Wthh the 1ong-11ved isomeric state m1ght decay to

o210,

_ If the long-lived BiZlO is actually the ground state, then the only
possible mode of decay to Po'z10 would be by beta emission. Since
the half -life of the long-lived B1210 for al_pha emission is .~106 years,

the half -life for beta decay would be ~2. 7 x 108 years.
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If, on the other hand, RaE:is.the ground state, the long'-=l-ived
state may decay to’ Poz'l.(.)::i-'n two: ways“.a:i It may-still.decay by direct
beta decay, or 1t may f1rst undergo isofmeric transition to RaE with

subsequent beta decay of RaE to Po- 10w Still-another p0551b111ty is

a combination of both these two modes.

E. Search for Long -lived B1 210 in-the Decay

of RaD (PbZlO)

As was po1nted out in a prev1ous sect1on, comparlson of the

Loy

alpha decay energles for the long hved B1 210° and for RaE 1nd1cates
’ that the long hved state l1es 2.5 :I: 40 kev below RaE S1nce RaD

decays to RaE w1th a total decay ene rgy of 65 kev, RaD should be

l

unstable with respect to the long-hved state of Brz by 90 + 40 kev
Therefore, A1t is energet1cally poss1ble for the long. 11ved B1210:“

to be formed in the beta decay of RaD | Because of thewvery long
life of this »state of B1 «0, the- only place it mlght be. poss1ble to see

1t as a decay product of RaD would be in uranium ores, where both

_the RaD and the 1ong 11ved B1 210 Would be present in equ111br1um

w1th the U238 parent Accordlngly, the b1smuth fract1on was removed

from a sample of uranium ore and exam1ned for the presence of the

long 11ved Blzlo_._.

1 Expernnental procedure <= A 50 gram sample of uranium

ore (”49% 8) was taken and ground into a fine powder The ore

was then d1gested in hot concentrated HNO3 for several hours The

mlxture was f11tered and the res1due was taken and d1gested once

again in concentrated HNO and f1nally in aqua regla The three

filtrates were then comblned
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To remove most of the nitrate ion from the solution excess
NH-4-OH was added, the mixture filtered, the filtrate discarded and
the precipitate dissolved in HCl. ‘This step was repeated. The
acidity of the resultant HC1 solu_tio‘n was properly adjusted; and it
was then satufated with H,S and allowed to stand overnight. .

The sulfide precipitate was removed by centrifuging. The
precipitate was then dissolved in HNO3. ‘The nitrate ion was
removed by twice adding excess NH,OH, filtering and dissolving
the precipitate in HCI. The resultant HC1 solution was again.
saturated with HZS and allowed to stand for several hou;rs..

| The éulfidé precipitate was removed by céntrifuging, and

then di.sé,olved in HNO3. The solution was diluted, and ,HZSO4
'waé added to precipitate PbSO4, thus carrying down almost all the
RaD. The PbSO, was centrifuged off'and discarded.

" To the remé.'ining solution was added 5 mg of inert lead carrier..
The solution was then made ammoniacal and excess ammonium
ca_rboﬁaté was added (to keep the uranium still remaining in
solution). The solution was saturated with I—_IZS and allowed to stand.

The sulfide precipitate was centrifﬁged off and washed " -
thoroughly with a saturated ((NI'-I4)ZVCO3 solution. The precipitate
was dissolved in HNO3. This solution contained the bismuth
fraction of the ore. »

Theé last traces of RaD were removed in the following manner.
The dilute HNO3 solution containing the bismuth fraction was run
'through a column of Dowex-50 cation resin, bothl the lead and the
bismuth sticking to the column. After being washed with water, the

column was eluted with 1 1:1 HCl, most of the bismuth coming off in
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the first fraction, while the lead lags far behind.... -: . -

The bismuth fraction was taken and.evaporated to dryness.
The beta activity of this sa}mple, was followed and showed only the
5-day RaE half-life; indicating-that a'good separatio,n' had been
effected. . The amount of RaE present at the time at which the bulk
of the RaD was removed was 5,5 x 10§'disinte_'gr.a-tions ‘per minute,

- The bismuth sample from the ore was allowed to stand until

.all of the RaE had decayed. Tt was.then necessary to remove alll the
PoZIO-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..‘ An aliquot
was taken, evaporéted-to dryness and takenup in 1 ml of concentrated
HCl. The concentrated:-HCI solution was run through a column of
Dov;/,ex;-Z anion resin, The column was then washed with 10 ml of
. concentrated rH.Cl,, The two p.ut=throu‘gh solutions were combined. In
this operation about 70-80% of the bismuth comes through the column
while almost all of the polonium -sticks to the ‘resin., . {This was
' aetei-mined by previous tracer experiments.) This process was
repeated once again. The final solution was evaporated to dryness
- ‘on a platinurﬁ disk and.checked for groés alpha‘ activity-, ’i_‘vhe,v_r,e were
3 counts. per minute at 52% geometry on the platinum plate.:

The saméle was then counted in an alpha pulse analyzer to
. determiné what fraction, if any, of the alpha activity was due to the
long -lived 'Bizm';‘v‘ All of the alpha particles from the sample had
an energy corresponding to those of P0210° 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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210. There‘f:(z)“re,' we can deduce that the ratio of the

210

amount of long-lived Bi

long -lived Bi
to that of RaEvin the uranium ore was
less than 10-,6. Correspondingly, the fraction of the decay of RaD

which results in the long -lived Bi210 is less than 1 part in 106;

F. Summary and General Discussion

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

about the 1on-g~=live‘d state of BiZIO.

The mass assignment is confirmed
to be 210. The half-life of this state is ~106 years, ‘The principal mode
of decay is by alpha emission, the.al"pha decay energy ’being 5.031% 0.020
Me&. The long-lived Biz‘m also de.cays to Pozm, one nucleus under -
going decay in this fashion for about every 270 which undergo alpha
decay. Comparison of alpha decay energies indicate that the long-

lived state lies 25-% 40 kev below RaE. This means that RaD is

1

unstable with res>pect to the long-lived B:'LZ 0 by 90 + 40 kev.

However, the amount of RaD that dec‘ays to the long-lived Biz’lo ‘
compared té'the amount that decays to RaE is less than 1 part in 10°.

Since the experimental error involved is greater than the

actual difference in energy between RaE and the long-lived state, we
| 210

cannot say with certaiﬁty which is the ground state of Bi =~ . However,

discussion of the various possibilities may throw some more light
on the long-lived state of Bizm.
For the purposes of the discussion it would be well to

remembe.r that Ralj decays to RaE with a 22~year half-life, and that

RaE décays to Poz’10 with a 5-day half-life. Also, RaE is considered

‘to have zero spin and odd parity, 35 Figure 2, showing the decay

paths of Bi210 and genetically related nuclides, may help the reader

in the following discussion.
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.Fig..2. Decay paths of Bizw. and genetically
related nuclides. =~ ¢
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‘Let us first assume that the long-lived state do,,e; lie 25 kev
below RaE. This would mean that the decay of the long=lived‘_.B1210
to Pozm"p'roceeded by direct beta decay. With a beta energy of
1.14 Mev and a half-life of ~2.7x 108'~years, this decay would have
a log ft value of ~18.3. There is only one other known nuclide that
-under-goes beta decay with both an energy and a half-life of this
same ordér of magnitude. - Potassiurﬁ 40 has a maximum beta
energy of 1. 33 Mewv-and a partial beta decay half-life of 1.3 x 109
years, P giving it a lot ft value of 18. It is known that the beta decay
o-f-K40 involves a spin change of 4. _.Thus, it would seem by analogy
that the beta decay of the long-lived Bi210 would involve a spin change
-0f'4 or possibly gfeater. Since Pozm, ‘being an even-even nucleus,
has a spin of zero, the long-lived Bizm would i’xave a spin of 4 or
_ gre'a'te‘r..

Furthermore, one would conclude from the data at hand that

' the beta dec.ay of RaD to the long-lived Bizm must have a half-life
greater than 22 x 106 years. Along with a maximum beta -energy of
190 kev, this would entail a‘log.ft'value greater_than. 13.6. A log ft
value this large would indicate, at the very least, a spin of 3 or
greater for the long-lived 'BiZIO‘

Still further, the absence of the long-lived isomer in uranium
ores means that the half-life for the isomeric transition from RaE
to the long —li\;ed state must be greater than 1.4 x 104 years. Using"
" the W.eisskopf fof'mula, 6 one can esfimate the lifetimes for va.ri.ous
types of 25 kev gamma emissioﬁs in Bi‘210 (neglecting internal

conversion). For 25 kev M3, E4, and M4 transitions, r‘espe‘c,:tively,

one obtains 'ry(M3}) ~0.3 yr., -TY(E4)) ~2 'x-.105 yrs., and TY('M4>~4 x 107 yrs.
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- Taking into' account internal conversion,. which would speed up the
tr.ansition; ‘any transition.involving a spin change of less than 3 seems
completely out:of the question.: It would be pe‘(;esvsary; f;d"rvthe, transition
to ‘have an energy of less than:5:kev before even an M3 transition
would have a chance of giving anywhere near a long. enough lifetime.
‘With a lifetime gfea_ter thé.n 1.4 x 104jyrs,; (and again neglecting
internal conversion)-an E4 transition would have to have an energy
‘of <33 kev, and.an M4 transition an energy of <60 kev. The long-
lived state, lying 25 kev below RaE, easily fits int,o,thi's range. |
Since RaE-'is a 0- state, this is further in_d\ic‘a_tion that the long-
lived Bi?lQ has a spin of 4 or possibly greater.... . .

- On the other hand, suppose the long gel_i;v_edvstat_.e lies above
RaE.. It'is not likely to be more than 15 kev aboye RaE. If the decay
to Po210 went by direct beta emission, there would again be allog ft
value of ~18, 3, 'and the. discussion previously based on this condition
‘would still apply. If, however, the decay of the long-lived state
actually 'went by way of initially undergoing =is,orr.1e,ric transition to
RaE, then the direct beta decay to Po'zll_()»,_-;wou,ld,_,involve a log ft
value of greater than 18.3. This in turn-.wouid indicate a spin change

1qt0‘Pozlom,-

2 4 in going from the long-lived Bi»z

Consider, too;. the isomeric transition itself. It would have to
have a mean 1ifetime. equal.toor greater-than __",;4;,x_108 y‘rs.,r For
simple gamma ray emission the following lifetimes would apply for a
" 1'kev . gamma ray: 'rY(E3-),:~6 x 106 yrs., TY'(M3,),”109 yrs., and

17 i . . . .
“yrs. Taking into account internal conversion, here

'rY(M4) ~3 x 10
~again it seems highly unlikely that a spin change of less than 4 occurs

" between the long =lived".BiZ~1‘L(-)',.21:hd the RaE state.
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This discussion of the various possibi‘lities still open shows
that whether the long-lived Bi2l lies above or below RaE, present
information svtron'gly indicates; that fhe long -lived state of Bizm has
a spin equal to or g;reafer than 4.

Bismu_th_ZlO has ‘83‘p’rotons and 127 neutfons:, both being just
one beyona closed shells. RaE is designafed as a:' 0- state. Applying
"Nordheim's .rules, 7 and 'rr.aaking use of fh_e fact that the odd“proton
09 is in the h9/2

configuration for the RaE state would be h9/2 - g9/2" With the

in Bi2 state, one would guess that the most likely
two states of Bi'?'10 lying so close together, it is probable that their
’ configurafions differ m.erély by transferring one of the odd nucleons
(either proton or neutron) to a different bﬁt close lying levelf
Possibilities for the configuration of the,_'long-lix'(ed state would be
- h9/2 - g7/2 or f7/2 " 89/2° both of which would give 1 <1 i8‘
for the spin by Nordheim's rules, Also possible is h9/2 - ill/Z’
- ‘'which would give 1. <1 <10, All three of these possibilities would
‘give the long-lived state of _Biz_lo odd périty. o

RaE with an alpha. decay energy of 5.056 Mev has a partial
ha1f=1ife-fof alpha decay of 2.7 x 10-4 years. > The long-lived state
with a decay .energy of 5. 031 Mev has an alpha half-life of ~106 years.
Both of these half-lives aré much longer than would be p;‘edicted
by simple alpha decay theory. However,. in the emission.of an alpha

10 both the closed shell of 82 protons and the closed

particle from Biz.
‘shell of 126 neutrons 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 information.ava.ilable Wherebyb one can

predict how far the half-life for alpha decay should depart from simple



25
_ theory in such a case,

‘In conclus1on, 1t _appears that the ‘most 11ke1y des1gnat1on for

" the long-1 1ved state of B1 0 is 4_ However, a sp1n of greater than

}

4

4 st111 remains a distinct pos51b111ty A sp1n of less than 4 or even
parity for the long=11ved state both seem hlghly unhkely on the bas1s

.of present information. |

' II. RELATIVE YIELDS IN THE FORMATION OF NUCLEAR ISOMERS

A, Introduction-

| In studying the fission of bismuth by high energy protons

W, F. Bi'llergjhad occasion to "rheas‘uré'the‘f;ieids of several

: .hhel.ides-thiatp'ossessed:i'som‘eric states. In all-cases where it was
p'oe'Sihle '.to" deterrr{ine or to estimate primary yiel'd's’,fforrriation of
"'the isomer with the 'greatjer"é‘pih;" whether it Wasi"the""gr‘ound state or

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

. spin, sometimes to the apparent exclusion®of the latter.

| Not very ‘much has appeared in the literature concerning the
yields of isomers in nuclear reactions; especially high energy
' reactions, Most of what does appear is based on the formatlon of
vnuclear 1somers\by ‘means of the (n; y) reactionat low neutron

energles. ’ The articles ‘discussing-formation of isomers in other:

"types of reactlons 11="ls'give‘no clear ~cut'picture of what might

happen as one’increases the energy‘ 1nvolved in the reaction beyond

o 'vthe range of 5-20 Mev.

In their 1949 review article on nuclear isomerism E. Segreé&d
"ahd A. C. Helmholz'® presented a possible clue to what one might

‘expéct in the formation of isomers at high energies. In‘discussing
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the different yields of some isomers formed by the (n, y) reaction at
different neutron energies,- 'theyvmade the following suggestion: "If"
' fhe ‘energy of the neutrons g:a’ptu_réd is increased so that capture
bc-curs over many' levels of all possible angular momenta, one
might expe.ét that the influence of the level in which the capture occurs
B will be washed out, and in the limiting vca.se: only the:statistical
weights (2I + 1) of the isomeric sfates themselves should determine
the formation cross section. "

‘In the cases discussed, the neutron energies never were high
.enough so. that the capture could take plaée over a very _wide.spread

of ‘angular momentum states. Therefore, theii;. idea was not subject

- to test. - -

One, however, can extend th1s :easoniﬁg-to'-nuclear reacfions
in general.  The _kejr _point: is the formation of the final nucleus in
highiy excited states covering a wide range of angular momentum or
- spin values.,ﬁ If this condition is-achieved, then.the relative number of
-nuclei ending up in eé_ch-of the isomeric states should be determined
si:rhply by their respeétive statistical weights, (21 + 1), regardless
of how the final excited.nucleus was formed.. In bovther words we

\

- might then write: o v
T T 2T +T
g g

where " and Im are the cross section and the spin for the metastable
excited state, and " and I_ are the cOrrespdnding terms for the

ground state of the nuclide in question.

g

be a limiting value for the ratio o_ /o . If one were to plot ¢ ./cr-
' : m- g _ . m g

If this line of reasoning is valid then (ZIm +1)/(2I_ + 1) would
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versus energy (of the-reaction.producing the is6mers), the curve
would approach (21, +1)/(2L +1) asymptotically. -The ratio LS
might approach the limiting value from.either above or below depend-
ing upon the spins of the targetrnuc1e'us,;‘st-hev- bombarding projectile,
and the isomers. But it would never cross the line representing

‘the value (ZI s o 1)/(21g + 1) and-would.only.reach this value when the

- re'a"citionv_.energys was high enough to form thesexcited 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 n‘ucleu-s ;- Even if these particles .
coming out of the compound nucleusv carry off relatively little angular
- fnomentum; the fact that there are several of these particles gives
rise to a wide range of possible spin states in which the final -

" excited hucleus may be formed. Thus,. we might expect that.the .
relative‘yields of isomers of -a particular nuclide formed by high
‘énergy fission or spallation would be"‘.ih.'proportion to their respective
© statistical weights.

-The results found by Biller for the high energy fission of
bismuth do not bear out this hypothesis. However, hi.gh;ene,rgy fission
ahd Jspal-l'ation reactions are rather corriplex,' and‘ one cannot always
.,.be certa1n that he is determ1n1ng prlmary ylelds  The reasonirig |
. employed in the above paragraphs would not apply to the y1e1ds of
| isomers formed in decay processes |

;-

A better test of the hypothes1s could be prov1ded by a study of

1

the forrnat1on of a pair of isomers by the s1mp1est type of nuclear

reaction \X(a b)Y Th1s may be wrltten in more detailed fashion as:
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1. a+x=c*
2. CF o Yieb
3. v.Y* - Y™ 4 Y
or. Y -~ Y + ¥y
As the energy of th‘e bombarding particle, a, is increased, a
can bring larger quanta of %ngular momentum to the system. Like-
wise, particle b may bé e.mittved from the compound nucleus with a _
larger j (angular _'moﬁentum') 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 (ZIm + 1)/(21g + 1) will be the limitiﬁg value for the
ratio O'.m/O'g;.

For the purpose of this thesis the isomers of Cosg were chosen
for study. This isoi‘-ner'pair has several advantages.. It can be
produced by a simple (a, n)'reacftio.n on manganese,. which has onl-y
one stable ,isotope.i" The decayvscheme is simple and well known,
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.

AFo_r,the pull'.po_se of accurate avl‘nralysisyof t_hel_fia.ta, it was‘
necessary t_o knqw_agcur_ately the} .half-liyé‘s; éf thetwo C058 ispmers,
e'spe_-ciballyv _th_aﬁ of the ‘shq_rt’er_-;lived_'_Cossm. Acccrr)p-lb'dingrlryv,' _’Ehése

were checked by this all.tf;orf Tw‘o c.areftbl.ll_bin(’i;epeﬁdé.ntv determinations
of the Vha1f=1_ife of C‘0‘58m each Yield.ed:é‘valué of 8. 9‘6 hours for the
half-life. This vchecks very. well‘ \;vi'_ch_the_ },atest qu;)te';i‘if‘;igu}'e ;in the

16

literature, 9.0 % O._Z.h_rs. A check on the half-life of the long-lived

Co58 gave a value of 72 days, which i's just what was reported by
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Livingood and Seaborg, 517, Thé decay 'scheme for the two Co58
isomers is shown below:3"5 T : :
C 58m
(5+) o 0.025
- 100%,
_(24) 0

- (1, 24) -

100%

(0+)>

/7/// /7 f/7/
. i Fe58 :

Goldhaber and H1113 assign a spin of 2+ to: the ground state of
“Co 58., based upon log ft values of the decays to.the ekcited state of

. 'Fe5~ and the subsequent 810 kev transition to.the ground state of

A "'“FeSS. " Theéy further assign a s‘p“i"ﬁ* of 5+~to*G.o5§-‘m'-on the basis of the .
lifetime and convérsion coefficients of the 25 kev transition.

: C-omparison“ with' Coéo' also seems to bear out these:assignments.

Therefore,: for coSS;wZIni441n%21éw+1);,z;z,

B. E'xperimehtal Procedures R

1 Bombardment procedures =~=-The y1e1ds of the Co5

“ .rsomeﬂrs ‘were stud1ed by bombardlng manganese with alpha '
bpartlcles in the Berkeley 60=1nch cyclotron ' In all the bombard-

"ments the target material used was MnSO4 H O p0wder |

S In most of the bomba_rdments a "thick target-" was used. In’

' these} cases th‘e MnSO4 :HZO'poWd'er v"(/as'-‘pfes‘s'ed wafer-like onto a

': >g:roov.ed alurdinum backing plate. The powder was 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 mat'eria.;l. ‘This was then spread on an:‘aluminum foil and
dried. The foil with the thin layer of"targét."m.ateri‘al 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 in front of the target.

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

cobalt fraction was separated éhemically before counting. The
chemical separations were carried out in the following manner,
- Because some M‘nO2 was always formed in the bombardment, the
target material was dissolved in warm dilute HCI to which some
Na,S0, was added. The solution was then neutralized with KOH, |
and then made 2-3 Nin acetic acid. A few milligrams of cobalt
- carrier was added, and K,;Co(NO,), ;avas then p'récipitated by the
addition of a few milliliters of a saturated KNOZ-’solution. The
precipitate was centrifuged and washed two or three timeé. Then
the precipitate: was di-séolved in warm concentrated HCl and . ..
“mangax}ese cai'rier was added. The solution was neutralized with
KdH, and the cobalt was reprecipitated as .K3C0(N02)6. in the |
manner déscribed above. The precipitate was again centrifti:ged and
washed. It was then slurried on to a depressed aluminum di.sk and
dried. The disk was then mounted on an aluminum plate for counting.
3. Counting methods, = C05’8m decays 100% by a 25 kev

isomeric transition to C058. Co58 decays by electron capture and

by posvit'ron emission to an excited state of Fe58, which then deca}is
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instantaneously to the ground state of:F~e5,8 by emission of an 810 kev
' gamma ray.

It is possible to count:the radiations from 30058 to the exclusion
of those from C‘058m._ "The deéay curve for the 'C05.,.8; ‘alone will show
a 9-hour growth tailing into- 72~-day half -life..: It is possible to resolve
out the two components .of the curve .and to obtain the amounts of ’

'» both»CoS'-‘Sm.-and ‘C"o-58 present at the end. of the bombardment. The
‘method used to effect this resolution will be explained in the next
- section.

In.‘ the two bombardments-at low energies: (9.5 Mev and‘1l, 3 Mev))
the cobalt fraction'was counted in a chlorine tube. Geiger-Mliller
counter:,,'.: The radiations from the C05§_{n were. stopped by placing
an aluminum absorber 222 rn'g/cm2 thick between the sample and
‘the counter window. :. Thus; only the Co?s‘ acfivjity was c‘)bs.,er.ved.

o In _th_e:bbmb'ardments at higher energies Co?,:?iwas formed along
with COS'SH.) an'duC'os.S. ...Th_erefore,:ya ’diffe,r.'e_nt counting method had
‘to be used. . Accordingly the gamma rays from the .coba;1t fractions
~"were counted with a.Nal crystal.that was connected to a differential
.pulse height-analyzer:. .. This provided a spectrum of the gamma rays
. 'of'the cobalt fraction, from which the 810—kev gamma raysof 'C058
could ea_silir be vres.olvea,-- The intensity of the 'Covs8 activity was
obtained by'merely integrating under the 810 k‘ev gamma ray peak.
© .'These methods: avoid the tricky problem of estimating;t_he
58m

' counting efficiencies of both Co™~ i and C05§.~ ‘Here both

‘activities are effectively hérmalized to the same counting efficiency.
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. C. Treatment of Data -
The first problem in -han.dlingthe data obtained is to determine |
, . 58m 58 . ... !
the amounts. of both Co .and Co™ ~ initially present at the end of
the bombardment. The excited state dec-éirs 100% by isomeric
transition to Co58 which then undergoes ’e‘l'écf:ro'n'cé,p’ture and”
ﬁf—dec'ay. If we use the subscripts 1 and 2 to denote the states

C058 and C058m

, respectively, and A° is the activity at the énd of
the bombardment and \ the decay constant, then the equations giving

'Aiv and AZ’ the activities at time t after bombardmentvare:1

R _ Lo =\t

.AZ._lA_Zle 2 |
and o at, M ot -nb
| S A% Mt 1 Aot LM
, an Ap=areT b gtns AG (T e T

In these ?-\‘éxp'e'rifh.ents‘:‘% Al.: alone was\ determined directly at
various times after bombardment.  From these data~A?and A-qz

were obtained in the following fashion.

-Since )\2 > )\1, let -'p = )\1/()\1 - \,) and the second equation

2)

above may be rewritten as follows:. - S
o o) -\t 0 =A5t

Ay s wead) M- pag e

Multiplying this equation through by Mt gives

Aje —.(1161;1—+ ﬁAZ‘) - [3A2e | e
A1 is a measured qu;ntity and \j, )\2,. and B a_r‘t? .kpc?wn‘.‘ | I _Aleﬁt

is plotted against e((‘)\~1 R

, a straight li;ne of__the fo_rrp_y: a + bx
is obtained, where a = (Ac{ + ﬁAg)) and b = —[S,ACZ). The quantities a
and b can be determined accurately by the least squares method,

_ and-from. these A(; and Ag

To obtain the relative cross sections T, and o, one need only

may easily be obtained.
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apply the following e,qdavtigne:lo

g,

o
A, ¢0'2(1=e 2),.

_“'5,.""1 _+j'9‘_2,),;(,1"e. “,alx cl"’z( t_"'e_)'\zt))’

A
where t is the duration time of the bombardment and _¢_repres_ents

the flux density; of the bombarding particles (and cancels out'in

.obtaining ¢, /07). .

<D, Results” . <
B The majority of the bombardments to produce the .Co'548 isomers
by the {(a, n) re»action on Mriss were. carried out on thick targets.
The alpha partlcles were degraded in energy in passing through the
target mater1a1 The-refore;;,("‘11rrstead of ohtalnlng the ratio crm/crg
,atthe{”patrtied}ar »bo.m-bardin:g energy, what was actually' found was

.the _r_atiq _

P 'Ef .

- [ WO‘ dE
“m - Ey

= E,

Here o represents the crossisection at a given alpha particle
energy, E; the'" vli‘mifts‘ of integration are from the energy of the
incident alpha particles;, E-i’ to the,enelrgy"t_he a}pha partiele_s have

after passing: completely through the target E.; and w is a weighting

£
factor corresponding to the dlfferent amounts of target material
/’:that;thealp'ha particles of"'differe'r_lt éne'iigi’e's' effectively see.’
Obv1ous1y, if the ratlo v /o‘ eres.s:es' the "limiting" value of

| ((ZI + 1)/(21g + 1), then somefwherelln the range between Ef and E

‘the ratlo v /o'g crosses thls "11rn1t1ng valué.
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Below is a table of values of o_'m/‘c'?g for the formation of Co
isomers by the (a, n) reaction on. Mn55 at various bombarding
energies Ei‘ In all the cases in Table 5, Ef = 0. Also included

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

Table 5

Values of ¢__ /o for co® at Various E,.
m’ g i

E, (Mev) 5 /e

9.5 " -  0.98
st 1. 24
13.6 R 1. 44
17 - Sy g
210 - g
23.6 2,08

As is seen in Table 5 the ratio_c-r_m/gg has not yet gone beyond
2.2 at E:i = 23.6 Mev. However, since the cross section for the
(a, n) reaction reaches its peak in this case at. ~15 Mev and then falls

~off, the r'atio Fm/Eg'does not give a complete ‘pictur‘e of what may

be happening at higher alpha energies because the major contribution

to ;m/;g comes from the region around 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.
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Table 6

By Mev)  Eg(Mev) | T /5

23.7 0 0 ~I1 o T s 02734 0,100
23.9 ~19- . . . 2.9+0.2

23,7 . ~23.. . L 3.7£0.3

The last three bombardments show beyond any doubt that the
ratio O'm/crg" fof Co58 isomers ' does go be?bnd?Z: 2 for sufficiently
high alpha energies. )

E. Discussion

It is plainly seen from the last few bombardments onanS
to form the C058I_iS;Omers that the ratio (2I  + 1)/21g + 1) does not
act as a limiting ;v_slge to the ratio (rm/crg. Is t»h_e,re any way, then,.
that we can-predict what might happen to the relative yields of
‘ ':i'sc513f1févrsfa’vs}'\‘;vé .ir_ié‘re-:ise fhe bc-)r:nﬁaltrtlirin.’g e":rzl'rsrgie"s'? A detailed

"&ﬁ;nfitat"i{fé analysis of lthéi'prob'le'rh ‘would be unfeasible here,
' becausé of the d1ff1cu1ty in calculatlng suchfactors as barrier
penetrabilities and because of the lack of sufficient knowledge of
“levél dedsities and spin states in e}'c;éi't'éd“miglei.i I-.I'O\;v'é'v"evr, a
qua11tat1ve treatment may be épbiied with some success

"Lt us consider the formation of nuclear isomers by the

51mp1e frsa'.étfisn'}({(é, b)Y. It is ‘conv’eflzlzie::n"t tlo"l'.');ré‘ak" &16 ‘re;action into
three principle steps: | | |
1. Formation of the compound nucleus, C¥,

X+ﬂa—>C*,
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2. Break-up of the céfn‘pound nucleus to give the
excited residual.nucleus.,' vE,
c* -1+ v
3. De ;excitatiéri of the excited résidual nucleus
by ’s'uv.:c‘cess.i'vé gamma ray -.e‘i'n'i’ss"id.‘n -endiﬁg" in
either of the iso:mwervic Stétes’, |
YF ey,
or Y¥> Y+ Y.

Le‘t us consider step 1l fir's'.c. When a bombarding barticle, a,

" is absorbed into a targef nucleus, X, it rhay bring into the system

a certain amount of angular momentum, £. We may write the ¢ross
section for the'ca_pture' of a particle with angular momentum, 4,

é}s follows: : '
o"ﬁ = (24 +1) nszvz(E)), :

where Ty(E) is the factor representing the penétration. of the potential

barrier '(coulombic' plus centrifugal). The higher the [ value of the

in‘coming’particle, the harder it is for the part‘iclye to.penetrate the

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

inc:oming particle above that of the barrier height, Tz(E) approaches

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

higher £ values become more important because of the factor

(('2»@ 4+ 1). Since the spin; J, of the compound nucleus is the resultant

'--of-‘--the’v’ector_Sum of the spin of the target nucleus, -IX‘, the spin of

the incoming particle, Ia, and £; the larger the value of £ the:wider

-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
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vector gd@itipn of ..;x’v Iaf a.ndﬂ IH‘?‘\x{gye:F_?(__"_c;Tg‘e' xje_:lafive probability
that the compound quc%eu:s) Wf’lf‘llipﬁe‘:':fser‘rpeugiﬁwijc.}} the spin J will be
proportional to the statistical weight of that state, (2J +1).
.'_I'hus‘,._’.a'_:,s we ipq;rggge the energy O_:f.: the incqming particle,
reactions involving larger / values become more and more
imfp(‘)rta.nto The compoundnucleus1s .f:i?rn?e:fiﬁgver a widevr and
wider range of spin states ‘with the higher spin states being's'_omeé
what favored because of .tl}eir gr_ea_t.gr ‘statis,tziec(al weights,
... .-Step 2, the break-up of th/e_ugdm'ppun'd_‘r%uvc‘(llc’e:us;_t_g give the
vn_}q?;‘citedv_re_sidula,l nucleus, Yi‘, can fb‘et_tr_ea_ted‘ in a _‘fs‘imi.l_al“’_ manner.
o In 1eav1ngthe ,gom_poﬁr_}d n_uclegs, :pa_lffc'i:c,lé b mgs‘c__algp pgqgt;aﬁe a
potential barrier. The greater the e{_x?c;it“%tioav?ne? gy of the compound
nucleus, the greater the am_oﬁnt 'of energy tﬁat b can:ca..vrry‘.;o:f-f‘, and
also the greater the amount .of an'glila’rt-mib.m'entum, 4', that it may
-‘-l'e_,av.e',; with.;- The:spin of the excited residual nucleus, "IY*’ >istt}’1e
. resultant.of the vector.sum- of the spins of the. éompouvrid nucleus
Ll a.nd the particle b and the-angular momentum ,c/arrz‘ied.off-,t YA
‘Therefore,. as:the excitation energy of ;the .compound nucleus is
--.incr,eas.éd? the excited residual nucleus can,_Be forme.diover_«an'
increasing range .of spin states.? Here -again. formation-of the higher
spins.is: favored because of their greate.r_.statis.tical weights. -
. Combining steps.1 and .2 the following result is obtained.’
- As the énergy of the bombarding'parficle;is _in_c;reas,e;;i‘,j -the excited
~-residual nucleus i8. formed over a wider and :wider :range of spin
states.  The formation of the states. with the higher spins will be

~-favored because of their greater statistical weights.
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Now to consider step 3, the de -excitation of the excited

residual nucleus by successive gamma ray emission. It is known

‘that nuclei, even when excited to fairly- Ihivgh 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, one would’nvot'e"xp'ect very great

"s'pin ch.anges to occur in the de-excitation of Y*. High spin states

of Y* should decay predominantly 'ch fhe high spin isomer. Low
spin states of v* should decay predominantly to the low ‘s.pir.l }'isomera
Here, too, we have an additional factor'to favor the formation of the
high spin state. If an e'xc’_ited state has a choice of decaying to fwo

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

the same, the decay to the state with the hlgher sp1n is sllghtly

favored because of its greater statistical welght

If we now combine the three steps, we obtain the following
result. As we increase the energy of the bon.abavrdi'ng particle, Y*
is formed over an increasing r.ange of spin states, the formation of
the higher spin Asfates 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 relati\}e to the'amoun’; of the low _spin'
isomer. Thére would be ;:_12 .particular limiting value that the ratio
Urﬁ/ag would approach at high energies. |

Just how rapidly o’m/(rg will approach and cross the value
(“Zlmi + 1)/({21g + 1) as the bombarding energy is increased Will, of
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 po_tent.ial barrier to:he Jpehetlf;e\_tedg }»i.{&no__t_:;he‘_r f';alvctor that

- may eater is the relative proportions of the different spin states
lying Ab‘e,'_twee'nl. the upper. stete end 1t‘h_e“ contlnuurnln ,'the_‘,bfina_l_ r;mcleus,
Y. - Still e,‘ho:;h_-er f}a’.,cvtoz‘- w{oo:ld‘})‘e,:_t'he existence of a state lying close

} _to»_the}_‘pav.ﬂ.llrf oﬁ_isoghe_ri,c state's.,,_; _,a_ncl.vaeedih‘g‘p’redom_iilna_ng_ly into one

. _,o;f the,r,n_, . ':I‘he,se:e:‘_ffec;lts would alﬁl"ise"‘?:y__e to___‘:vva..ry:theur_ate_, at - which
?m/:qg ‘chehgﬂeshwi:t}h;;ehervgy‘. | |
Two bombardments were carr1ed out by th1s author to produce

9 197

23-hr Hg 197m2 and 65-hr Hg"’ by a (p. n) reaction on Au

9

... Gold 197 has a spin of 3/2 while Hg m2 ‘has a spin of 13/2 and

- Hg??_?:a‘_,sp’in_ of 1/2 . 'Th_evrj,(e is ,.al__so ;ak,,Hg 9? _1' state lying between
the other two states, possessing a spin of 5/2, and feeding almost
197

,Vin_stantaneously in_to the ground state Hg ~ The .bombardx_‘n_ents

were carrled out at. proton energles of lO and .20 Mev, respectively,

vThe Hglg7

2 act1v1ty was followed by means of the 133 kev gamma
ray \_yhich_ occurs. .1n>1_t;'s :decay to the groupfi_, state. The Hg 197 activity
- Waj’$~;f91¥-gv§¢;d by means of che 77 he_v .__garnrpa__hz_-ay"whichoc c‘1.1vr's ‘
) fo}loyvihg the e;];ecf;ron_vceptiure; The K ;;f-faye of gold a_nd mercury
.are, %h an :en:e'rgy range inc,luoin-g the 77 k,e‘.’,P?a.‘k’;_ a_hd it was estimated
that about hglf o'f‘ the_»elec‘trohvcaptore_ oecays of. Hgl97 produced
K x-rays that counted in the 77 key peak, Aftex making corrections
fO_I.":._,:):(e:IJl‘aV.YS_V end ih;_teljr;al. conversion of the gamma rays, it was
found that at 10 Mev o__ /0'  was.~0, 22 and at 20 Mev o /or
wagsf_""'O.,_ 24, These data are in ‘r‘n:‘a.vrke,d contrast to the reeults
_obtained f_o_lf_'the Cossliisorhe_;sbin‘,th?’.s elxn‘e}"vg);r range, _and demonstra_te

how the various factors mentioned above may affect the value of
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vismopl mige wol adf To 184t 1ovi9Pssovst clilvid sd bivow wsmcn
o /T ‘In the case of the Hg isomers there are at least three

1o aulsv ad) baoved How op Bluow o)\  © orfex adi tadd birs
factors present that would tend to retard the increase of the

o ISNAD e 1R)
formatlon of the high spin isomer relative to the formationrof the

low spin 1somer'as;ﬁ9zl.@gm@;rf;a;aeﬁ‘aﬁbsﬁer}@rg}f;ﬁ. as compared to
58 . . 197 ,
aurthecase ofitheCor  isomers:. ;yln the.formation of the Hg 1somers
guithereis;a greater.overall spin,change,in going from;the-target,
smucleus to the high.spin state,.while the,overall.spin,change in,
1o going to;the low, spin state is,still small.,;Also, ;the centrifugal
ﬁ'ﬁ.!i:’:PQ;t@{l tial for protons is .greater.thanfor.alpha; partlcles,_ making

it more difficult for protons,to bring, inlarge angular momentum

: - .. 197 i
changes;at.these energies . Then, too, in,Hg Z;;z;ﬁh%ﬁ:v},:s_tthe presence
of,the,5/2: spin.. state which.feeds d1rect1y“1nto the low spin state.

In addition to these factors, the, differ nce, ing u‘rnber, and type of

Woaplha S

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

isomeric states for the two nuclides, CoS8 and Hg197, may have an

added effect. Hence, it is not surprising that in the Aul.97 (p, n)

reaction one would have to go to higher energies than in the Mn55
(a, n) reaction to obtain the predominance of the high spin isomer in
- the product nucleus,

In the cases of spallation and high energgr fission, the incoming
particle brfngs in a great deal of energy,b and fnany particles are
boiled off before the finél 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 hlghly favored over that of the low spin 1somer,
and that the ratio ¢ /cr would go well beyond the value of |

(21 + 1)/(21 + 1). - ‘

“m g . e - : .
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