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April 1959
. ABSTRACT

H5m and Cd115 isomers produced in lé to 340-Mev proton

The Cd-
bombardments of U 238 were isolated by radiochemical methods. The cumu-
lative yield ratios of Cdlls/Cd 1om
helium-ion fission of uranium, an estimation of the independent-yield
ratio of Pmlu8'(5,3-day).to PmllL8 (43-day) was made. In the deuteron
fission of uranium at about 20 Mev, an estimate of the independent-yield

ratio of Nb9Sm

were,determlned, In the 45-Mev

to the total niobium-. ofbmass 95 was made, A literature
survey on experimental isomer ratios from fission was made
" The yield ratio of Sc /Sc was measured in Sc 5(Ot,ocn)Sc)+)+

reactions with helium ions of energies between 20 and 43 Mev and at 320

e s g 1k

Mev, ratio was measured in Khl(a,n)Sc reactions at 10
and )13 Mev, | |

The .compound.-nucleus model was used to calculate the Sc /Sc
ratios produced by the reactions K (lO-MEv a n)Schh and 8045(a an)Sc hh.
and Scus(p,pn)Sc hh at energies 0.4 Mev above.thriihold. Agreement

between the experimental and.calculated‘sdhhm/Sc ratio was .obtained

for the K)+ (10-Mev o n)Scuh reaction,
A classical knock-on model was used to calculate the Sc '/Sc

Bk or Schs(p,pn)Sc b reaction in which the charged

ratio from a Schs(a ,on)Sc
partlcle strikes a neutron and both particles go out. This .calculated
-isomer ratio agreed fairly well with the experimental isomer ratio for
320-Mev helium ions which are assumed to have such a small wave length that
the projectile interacts classically with .only one nucleon. ‘
It is assumed that the Kul(h3—M9v :a,n)Sch% and the Sch5(a,an)
Sclm reactions in the 20- to 43-Mev energy rangéioccur by means of a direcyr .

interaction mechanism,
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© 1,. INTRODUCTION

Nuclear isomers are different energy states of the same iso-

tope., The upper member of the isomeric pair differs from an ordinary .

excited state only in that its$ half life is measurable. These isomeric

pairs usually owe .their existence to the large difference in angular-

momentum between the two states, for the isomerie transition between

them is greatly slowed down by the large angular%mdmentum difference. .

In the Mayer Shell Model of the nucleus, isomers occur near the end of

a nuclear shell where there are small energy differences and large
angular-momentum differences between states, '

Since isomers are different states of the same isotope, dif-
ferent nuclear reaction and Fission mechanisms might be .expected to
give différent'yield ratios of the isomeric states, Thus, the study of
variations in isomer ratios with varying“reaction conditions might give
an indication of the reaction mechanisms. |

The study of isomer ratios is an interesting problem in its
own right, for there.is.no coherent picutre of the mechanism of isomer
formation,

A, Isomer Ratios from Nuclear Resasctions

Some of the results in the .literature on isomer ratios from
nﬁclear reactions will be reviewed, A literatﬁré survey on isomer .
yields from’reactioﬁs with thermal neutrons is given.by Fairhall)l and
Segré2 tabulated data ‘on isomers from thiermal-neutron reéctions from
the work of Seren.3— Since a thermal neutron has little energy, the
angular moméntum, 4, of the neutron-target system is zero in thermal-
neutron capture,i As the neutron spin is l/2,,thé compound pucleus has

a spin differing from the target nucleus by 1/2° The cbmpound nucleus,
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which has theleXCitaiiou enefgy of the‘neuxron Binding energy, decays
by gamma-ray emission'ih many short sfeps'of £ =1 or 2 to the isomer
products, Excited states in the compound nucleus are expected to decay
mainl& to the isomer with the nearest spin; that is, states of high
sngular momentum decay to states of high angular momentum and states of
ilow ahgular momentum decay to states of low angular momentum. Supportive
evidence for this method of gamma decday in the compound nucleus is found
from the data on isomer ratios from thermal -neutron reactions. With few
oxceptions, the isomer ratino is determined oy the spins of the target
and product nuclel, so that hlgh and low angular-momentum states in the

,compound nucleus gammsa- cascade to 1somers of hlgh end low spins respec-

. tiwvely. When the compound nucleus has a spin of 1/2 and goes to 1somers
of splu l/a or 3/2 and of spin 9/2 or 11/2, the low-spin isomer hasroughly
ten times the cross section of the high-spin 1somer

Katz, Pease, and Moody measured the cross sections for the
production of Br ‘isomers by a (Y,n),reaction-in‘the energy range between
11 and 25 Mev, Katz also included a literature survey on the production

of Br80 isomers by nuclear reactions wiﬁh ﬁfdjectile énefgies below 14
M.eV° Katz used a. compound-nucleus model to calculate the isomer ratio,

The spins of the exc1ted compound nucleus are determlned by the spins of
the interacting particles and the angulsr momenta £ carried by the in-
coming and outgoing particles. The value of 4 Tfor neutrons as a function
of cnergy isigiven by the followingrformula? which gives the cross section

for the formation of the compound.nucleus:

(E) Z(2z+1)ny\ T, (E),

‘where A is the de Broglle wave length of the incident neutron.and Tﬂ (B)
is the transmission coefficient of the nuclear surface for the neutrons,
Katzu obtained the T (E) values from the graphs of Feld, Feshbach
Goldberger, Goldsteln,Aand Weisskopf. 2 Katz obtained the average £
value for the projectile and added this average £  value vectorially to
the spins of the target and of the projectile to give the spins of the

compound nucleus The spins of the,compound nucleus were formed in
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proportion to their statistical weight, 2I +‘l; An estimate of the
energy and £ value of the emitted particle was made in order to obtain
the spins of the residual nuclei, The angular-momentum states of the
residual nucleus gamma-cascaded to the isomer products with spin values
similar to the spin values of the residual nucleus, Katz assumed that
the photon reactions occurred by electric dipole absorption, Katz ob-
tained agreement between the calculated and experimentally measured
isomer ratios. » ’ |

Katz and co—wprkers also reported two other studies6’7 on
isomer yields by (Tsn).re&ctions in a similar energy range, Sagane

oL produced by a

obtained:a‘constant yield ratio for the isomers of Mo
(Y,n) reaction over the energy range from 15 to 67 Mev. This constant
isomer ratio was explained in theAfollowinngay.6 Only those high-

i 91

‘energy (v,n) reactions which leave the residusl nucleus of Mo’ below

the threshold for further particle emission contribute to the measured
Mogl isomers. Even for high-energy photon irradiation, the isomer .
production comes ffom photon .cascading in a region not too far above
threshold. 4

Fairhalll gives some data on isomer ratios for nﬁcledr re-
actions below 16 Mev, ‘

, For the (p,n) reaction at 6.7 Mev, Boehm, Marmier, and B
~Preiswerk9 measured the yield ratio of the metastable state to the '
ground state for sbout fourteen isomer pairs,

All the cases so far discuésed gave no clear-cut picture of
what would happen if the energy were increassed beyond .the 5 to 20-Mev
renge, A review of the suggestions by Segré and Helmholzz.and LevylO
will now be made. '

In their l9h9.review article on nuclear isomerism, :E, Segré
‘and A, C. Hélmholz2 mede & prediction ebout the formation of isomers at
high energies. In discussing the different yields of some isomers
formed by the (n,Y) reaction at different neutron energies, they said,
"If the energy of the neutrons captured is increaséd so that capture

occurs over many levels of all possible angular momenta, one might
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expect thet the influence .of the leyel in which the capture .occurs will
be washed out, end.in:the limiting case only the statistical weights
(21 4+ 1) of the isomeric states themselves should determine the forma-

tion cross section,"

In the cases discussed, the neutron energies were
too low to test their idea, Their reasoning ean be extended to other
nuclear reactions. The limiting ratio for the isomer formationiwould
be : _ N |

o 3 ZIm + 1

og : 21g +1 7’

where oh'and I are the cross section and the.spin for the metastable
state and o_ and Ig are the corresponding terms for the ground state,

If the ratio o /c were plotted versus eHCLgy of the rcaction producing
the isomers, the curve would approach (21 + l)/(ZI + 1) asymptotically,
This 1imit could be approached from above or below but would never be
,crossed i
' JLevle tested this hypothesis by»measuring the isomer ratio
for the.i_f’ea,ction-Mn55 (a,n).C058. Hoilander, Perlman, and'Seaborgll
list the spin of 0058m as 5 and the spiniof40058 as 2, Stromingef,
Hollander, and Sea.borg12 " list the spin of 0058 ae 2 and give no spin
assignment for CosBm, If the spin of Cbsem'is 5 and the spin of 0058
is 2, the ratio‘(zim + l)/(ZIg +1) is 2.2. The isome; ratio did cross
the limiting value of g.2 at about 20 Mev dud rose rapidly thereafter,
Levy;o explained this behavior by breaking down the reaction XQa,b)Y
into three step5° ‘

1, 'Formation of the compound nucleus, C: X +a - C .

2. Bresk-up of the compound nucleus to :give the excited
- * * *
residual nuclcus, Y3 C —= h+Y |

3, De-excitation of the .excited residual nucleus by successive
gammaoray emission ending in either of the isomeric states:
Y NS + Y, or
Y'—)Y + T,

[ &
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*
The cross section for the formation .of the compound nucleus C 1is given

.by
£

2
Coapt, = (22 + 1) oA T, (B) ,

where T, (E) includes both Coulomp and centrifugal penetrability and
goes to 1 as the energy is increased. This favors the capture of parti-
cles with high orbitael angular momentum Since 33— ZA+ E. + I 8’ the
compound nucleus has a wide range of J values, with high values preferred
by the statistlcal*welghﬁ (20 + 1), In the degay,ofhg ,_the spin of the
residual nucleus Y is determined by IY* = 4 + J+ Ib; therefore,
this gives a wide range of spin values, with high spins favored by the
statlstical weight (ZIY* + l) Since in gamma-ray emission the multipole
orders may be expected to be dipole or quadrupole, high-spin states of Y
should decay mainly to the high-spin isomer, and low-spin states of Y
should decay mainly to the low-spin lsomer, Since in eachAstep the for-
mation of the high-spin isomer is favored, there would be no particular
limiting value that the ratio om/og wou;d approach at high _energies°
Nuclear reactions at low energies, < 30 Mev, are usuelly cons
sidered to proceed by the capture of tﬁe incident particle to form a
compound nucleus in an excited state which then .evaporates nucleons.
With this compound-nucleus model, one would expect the cross secﬁion for
a reaction involving a small humber of particles out to rise rapidly
from threshold but, as higher-order competing reactions become possible,
to peak and then to fall rapidly. When observed cross sections-do not
fall to near zero at energies above that leading to a maximum, but drop
Lo a nonnegliglble velue, a dlfferent reaction mechanism must be postu~
lated at these higher energies, In 1947, Serber13 advanced qualitative
suggestions to explsain high;energy reactions. He assumed that at low
energies the Bohr compound-nucleus model holds but that, as the incident
energy in increased; nuclear transperency becomes important. As the wave
length of the incildent proton becomes comparasble .to internucleon distances
in the nucleus, the incident nucleon interacts with an individual nucleon
in‘the nucleus, and .this interaction is followed by a nucleon-cascade

process with or without the emission of further fast particles, If
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nuclear matter is represented‘as a degenerate -Fermi gas, collisions
having small momentum transfers are discouraged; because these col-
lisions tend to lead from an occupied state to anothef already occupied
state, This effect increases both the mean free path of the high-
energy particle (~ 100 Mev) and the mean kinetic energy transfer per
collision to the struck particle by a factor of about 5/3. For a 100~

Mev nuecledn, the mean free path is about 4 x lO°l3.cm; and the saverage

2]

kinetiec energy transfer to the struck particle is sbout 25 Mev. Since
the mecon froe path is comparahle to nuclear redii, what happens will
depend on the particular trajectory of the incident particle, If the
incident nucleon passes through the nucleus neer the edge, it may make
a single collision and emeige with the loss of only about 25 Mev of
its energy. Since Lhé struck particles have much lower energy-and
'shorter mean free path then the incident.one; they can escape from the
nucleus without further collisions only if the coliision.occurs near
thé edge of the nucleus, with the struck particle heading outwards and
_émerging with 15- or 20-Mev energy. Otherwise, the struck particles
will collide with other nucleér particles, the,ehergy will be distri-
buted over the nucleus, and the subsequent events can be described in
terms of the usual evaporétion model with the nuclear excitation energy
" dissipated by successive boiling off of particles of a few Mev each.
Because of the wide distribution of excitation energies of the struck
‘ nucleus; there is a wide distribution of residusl nuclei after the
.evaporation processes are comtpletc, Since the mean free path of the
incident nucleon varies slowly with the energy of the incident particle,
the excitation function at high energies would be expected also to vary
quite slowiy.

| Meadows, -Diamond, and Sharplu explulined their rcsulte from
high-energy reaction by means of a knock-on mechanism, as Serberl3 sug-
gested. ”They measured the excitation functions and’ the yleld ratios for

80,-8011:} Coo858 g g kb

the isomeric pairs Br formed in (p,pn)
reactions, The spins of ‘the target and product nuclei are taken from

-Strominger,'Hollander, and Séaboi‘gl2 end are listed as follows:
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l (spin 3/2) (p,pn) Br80’80m (5pins of 5 and 1);

59 (7/2) (p,pn) COSSm,SB (spin of 2 for ground state);

hS (7/2) (p,pn) Scm'tm bk (7 or 6 and 3 or 2).
The ratio (om)/(og) for Br = rises from about 1.1 at 17 Mev to 1.6 at
30 Mev,-drops to. 1.3 at 70 Mev, and changes slowly to 1,25 at 100 Mev,
The ratio (Oﬁ)/(dg) ~fo~r'-CQ58 drops ‘suddenly just above threshold from -
about 4 to about. 1.5, and remains constant at that value to 100 Mev,
The ratio (o )/(0 ) for Sch4 ig sbout 0.52 at 13 Mev, rises to sbout
0.55 at 20 Mev, gradually drops to about 0.4l at 60 Mev, and remains -
-constant out to 100 Mev, In no case does this ratio (d )/(d ) approach
as a limit the ratio of the statistical welghts., Neither do these
ratios (0 )/ o ) approach values greatly favoring the high-spin state.
Meadows,.Diamond ~and Sharp 2. ‘made some simple .calculations to obtain
semi-quantitative vélues of the ratio of isomer yields at 11.and at 20
Mev. Table I shows their calculation and experimental results.

' Table I

‘Ratio of ¢ /o
1L N B -
The two different values for Sc_ " are for two different spin assignments

Isomer pair Calculated QObserved
1l Mev 20 Mev 11 Mev 20 Mev
Br0 1.0 2.2 1.0 1.3
0058 3.1 y o’ 1.4(large 2) 1.4
Ly

Sc o 0.8,1.7 1.2,2.6  0.52 . 0.55

The threshold for the reactions is at gbout 11 Mev, and the largest cross
sections are .obtained at sbout 20 Mev, which is assumed to be the peak
of the compound-nucleus region. Meadows, Diamond, and-Sharplh consider

" thée absolute ratios of questionable value but indicative of the change
.in the ratio with energy. The only protons which were .considered to be
captured to form a compound nucleus had an angular momentum equal to or
less than K R (R is the nuclear rédius, K is the wave number of the in-
cident proton), The probability of forming a.COmpound nucleus with .
definite spin and parity values from an initial nucleus with given spin
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'ana.pafity was then calcﬁiatedAfrom the numbe%-of ways the spin of the
initial nucleus and the angular momentum 6f the proton could add vec-
torially to give that spin and ‘parity, and from its statistical weight,
(27 + 1). At 11 Mev it was assumed .that only an s-wave neutron and .
wave proton were emlitted to form an excited residual nucleus which gamma
cascades to the lsomer products.nearest‘in spin to the residual nucleus.
' The .calculations at 20 Mev were similar except that it was assumed that
first a p=wave and then an s-wave nucleon were emitted.

The .calculations of Meadows, Diamond, and Sharp show a marked
increase in the isomer ratio wilth. increasing prwjectichcnorgy, Sinee
the metastsble state has a larger spin than the ground state, this
change is to be expecled becauic ut;higher energles projectiles of high-
er angdlar momentum will‘be,capturedAto tform compound nuclei of larger
spin. Also, at higher energiés,'nucleons of higher angular momentum
can be emitted to form residual nuclei over a wider range of spin with
higher spihs favored by their greater statistical weighfs° They explain
the faillure of the isomer ratios to increase and the constancj of the
isomer ratio at high energy by onset of a knock-on reaction mechanism,
The contribution of the compound-nucleus mechanism Should.be‘gréatest
at the cross=section maximum; but at 100 Mev the reactlon should proceed
entirely by a knock-on mechanism, They point out that "the knock-on
mechanism can give a (p,pn),reaétion in the following two ways: (1) the

incoming proton hits a neutron and both go out; (2) the incoming proton -

hits a nucleon and only one of the two escapes difectly, the .other belng
captured to form an excited compound nucleus which then boils off another
nucleon to form the final nucleus."” In the first case the excitation
energy of the residusl nucleus would be .less than the binding energy of
the next nucleon. The maximum -spin would then be the sum of the two
single-particle spins. Since only a limited range of excitation energy
is permitted, the distribution of spin would show.little variation with
bombarding energy. In the second case, when one nucleon is .captured and
.the other escapes directly, larger amounts of angular momentum are. .trans-

ferred, and the residual nucleus hasvan.excitation.enérgy~less,than 20

©
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Mev. "Mixtures of these two knock-on mechanisms, then, should give an
isomer ratio intermediate between that at thfeshold and that at the
cross-section pesk. -Furﬁhermore, when they become the predominant mode
of isomer production at energies well sbove that of the cross-section
peak, the isomeric ratio should become consteant or only a very slowly
varying function of.énergy;"' : S :

Pappas and Sharpl6 measured the Cd115 isomer=yield ratios from
the Snl'l8 (d,ap), Snll8 (n,a), S e (a,2p), Intt? (n,p), and Cdllh
(d,;p) reactions, ' | ' ‘

o The reaction mechanicm with high-energy projectiles can be
divided into the following two parts: the initial casCade.in‘which the
projecfdle knocks out a few nucleons, and the evaporation according to
the compound-nucleus model, The initial cascaderhas beeh'followed.out
by means of Monte .Carlo calculations in which aré considered the suc-
cessive events in the motion of theyincoming nucleon and all its col=.
lision partners with their collisions in turn. The actual steps in the

calculations are chosen randomly, ahd the process is arbitrarily cut off

* when a nucleon reaches saie low-energy limit. M.orrison17 describes this

picture as applied to high-energy réactions,

Rud:staml8 measured the.spéllation-crosswsection ratios om/og
for zn69 from proton bombardments of aréenic. The ratio between the
cross section of the high-spin (9/2) isomeric state and the low-spin
(1/2) ground state is as follows: .

Irradiation energy (Mev): 49 103 1170

cZn69m _ o :
Zn ~ . 2.840.2. 1.3040.05 .0,76%0,03
0709

t

Using the Serber modei,;Rudstam assumed that the evaporaﬁion process and

" gemma cascade are unimportant in bhanging the isomer ratids. He made
" Monte Carlo cascade calculations with 470 cascades for 170-Mev protons

~and 100 cascades for 103-Mev protons., He shows a stepwise plot of cross

section .versus angular-momentum distribution of the residual nuclides in



.

the irradiation of arsenic with- 170-Mev protons., .This graph shows the
average spin is 3.1, Therefore, both isomers might be formed in roughly
the same yield., No explanation is given for the decrease in iscmer
ratio from 1.3 at 103 Mev to 0.76 at 17Q Mev, -He suggests that in the

69

‘irradiation .of arsenic with 49-Mev protons Zn ° probably is produced

only by means of a compound nucleus, The calculations by Meadows,

15

Dismond, and Sharp ° indicate that this compound nucleus will have a

high spin,

B, Isomer Ratios from Fission

9

Some ideas gbout the fission process will be reviewed, Bromleyl
presents the viewpoint that neutron cvaporation from the compound nucleus
precedes fission. However, the calculations by vandenbosch, Thoimas,
 Vandenbosch, Glass and‘SeaborgzO show that most of the fission precedes
neutron évapbgat}og for helium-ioﬁFinduced fission ofo233 and U235.‘

19

Bromley -~ points out that most authors who have studied fission explain
their results by means of varilants of Serber's qualitative suggestions
advanced in 1947, .

Bromley describes the Russian investigatibns of fission by use
of photographic plates, which record the entire fission.process. For
high-energy fission, the fragments are not emitted at 180° but include
a smaller angle about the direction of the incident proton. From the
measurement of the angle between the fragments, the recoil velocity is
~ computed, This gives the recoil momentum from which the kinetic energy
carried off by the cascade nucleons is calculated. An assumption about
the number of nucleons emitted in the cascade is used to obtain the ex-
citation energy of the nucleus betore the evapuralion stage beginc,

" Bromley shows a graph for the excitation energy of the nucleus prior to
the_evaporation‘stage for various bombarding energies and different nuclei,
This graph showéd‘good agreement between the Russlan photoplate data and
the Moﬁte Carlo éalculations of McMénus. )

' Bromley reports‘that Shamovz; ébtained a straight-line relation-

ship between the initial excitation energy and the number of charged

-
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particles emitted per fission. For uranium; Shamov finds that a compar-
ison between the numbef of charged particles evaporated at fission and-
the results of evaporastion calculations such as thoserf LeCouteur gives
the result that the observed emission is just wnat one ﬁould expect in
each case if all the available excitation were to be used up in the
' evaporation processes,‘ These results are strong’evidence.for occur -
rence of the fission process only after the ‘nucleus has lost most of
its execitation., Supportive evidence for this picture is the fact that
the total kinetic energy of the fission fragments is about the same for
thermal neutrons and for high-energy protons. . - : ' -

Bromley gives tne following description of higp»energy fission,
The high-energy particles interact with the target nueleus, leaving it -
in a highly excited state with high angular momentum, This excitation
energy is taken off by multiple-particle emission until the nucleus
reaches a low excited state at which particle emission is no longer :
probable, Theoretical calculations indicate that the evaporated nucleons -
can_carry'away relatively large amounts of angular momentum, After the-
evaporation process, if thie low excited slute has low angular moment@n,
then there is a high probability of gamme de-~excitation to the ground ?
state and no fission, However, if this low excited state has a high -
spin, gamma, de-excitation is;relatively improbable, and the.nucleus
fissions. Therefore, high-energy fission would actually be a low-ex-
citation phenomenon. ' ‘ ' .

In the work of Vandenbosch, Thomas, Vandenbosch, Glass, and
Seaborg?o data on cross sections were used to calculate the .cross sec-
tiens for the (a,n), (@;2n), (a,3n), and (o, Ln) reactions on U 233 gnd

235, The. model for these calculations was the.Jaekson.compound»nucleus

model. Further calculations showed that most of the fission preceded
neutron evaporation in the helium-ion fission of U233 and U235 The ’
assumption which is commonly made is that the high fissionability, zZ /A
of the heavy elements permits fission to precede neutron evaporation
‘but that with less fissionable nuclei neutron evaporation occurs .first

in order to increase the fissionability of the nucleus
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The experimental data on isomer'ratiOS~Will be reviewed for-
both thermal-neutron and high-energy fission. .- The cumulative yields
include ‘both yield: from beta-decay chains and. independent yield directly
from fission. Blomeke22 lists the ylelds along decay chains fof the
prodﬁcts from the thermal-neutron fission of U235f° No isomer ratios
could be 6btained‘from shielded or independently formed nuclide yields,
Steinberg and-Glendenin 23 list the cumulative-yleld ratios, a /o for

'C’dll5 in thermal-neutron fission as follows: .

Th232 0,0k4.

o
y?23® | 0.096
239 0,07
ye33 0,005
ilsu[

(spin‘ll/z) to Cd115 (spin 1/2) trom the beta decuy
24
re=

‘The ratio of Cd
of 21l-min Aglls'is 0,09, and Alexander, Schindewolf, and Coryell )
- port that the 20-sec Agllsm'decays in 72% abundance by isomeric transi-
tion to Ag’ 15 and in 28% abundance ‘by beta decay to the ground state of
Cdllsb This decay of Agllsm

.The only isomer ratio; ¢ /0 s from thermal-neutron fission which is

would give an isomer ratido o /o of 0.07.

greatly different from these ratios Trom the decay of the parent is the
5 x 10 -3 ratio from the thermal-neutron fission of U233° This would
Aindicate«an independent.-yield of the low-spin isomer in thermal-neutron
fission. However, the evidence for independent isomef'yields from
thermal-neutron«fiSSibn is too meager to give an indication whether the
high or the low. spin 1s favored, ' ‘

' - The experimentsl data on isomer ratios from high-enérgy, fission
will now be reviewed., This review includes the work of Biller,25 Hicks

- and Gilbert,a6 and Pappas and-Sharp,” and a literature secarch (shown in
Table III). :

Biller25 measured several isomer cross sections from 340-Mev
proton fission of bismuth. Table II shows the results. The Sé81 yield,
which is from the beta-decay chain, from thermal-neutron fission of

235 is included for comparison In all cases in 340-Mev proton fission

of bismuth of spin 9/2, the high-spin isomer was formed in greater yield.
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le II

Isomer ylelds

Type Target Nuclide Spins Yields (mb) Remarks Spin of
Isomer Ground Isomer Ground . ta;get
Thermal - U%3° 3 - 7/2 1/2 0.008 0.125 7/2
neutrons ‘ . :
340-Mev  B1%9? sl /2 1/2 1.7 I 9/2
protons '
Bi 209 9/2 1/2 0.67 -
‘ 8 .

Bi Br 5 1. 2.3 shielded

BL a0 6 - 1.9 —e- ~ shielded

Bi w?  1/2 9/2 0.22 9.9 Precursor

e has 65-day

half 1life
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The dashes indicate that no corresponding yield of the ground state was
detected. Biller's interpretation is that the highly excited states |
formed immediately after fission are of high spin number,

: Hicks and Gilbert26‘measuredﬁthe ratio of the .cross sections
for the formation of the CA 1'% (spin 11/2) andnCdlls‘(spin,l/Z) pair
from the high-energy fission of uranium, The cross section of Cd115m
was for the independent yield formed directly from fission, ‘Since 28%

of Agllsm with half 1life of 20 sec decays into Cdlli; the cross section
for CaT1? was one of a long-lived end product of a beta-decay chain,

The ratio o Cd-7/c calt™®

for 340-Mev protons. The 1ncreased formation of Cd

decreases from 15 for SO-Mev protons to 1,7
150 ot nigher
eneréies indicates increasing angular momentum of the fissloning nuclei,

Pappas and Sharpl6 measured, ﬁhe.Cdllb isomer ratios from 10=-
Mev to 25=Mev deuteron fission of “??8. As wllh [licks and Cilbertis
work,26 the independent yield of Cdll5m and-thexcumulative yield of
Cdll5 were determined, .When.Papnas and -Sharp'’s dats are compared with
Hicks and Gilbert?s data .for the 50-=Mev to 190-Mev deuteron fission of
238, it is seen that a sharp minimum in the ratio Cdll5m/Cd115 occurs
in the 25=-Mev to 50=-Mev region, |

The results of a literature search on high-energy fission are
shown in Table III, which shows the cumulative-yield rgtios, Cdllsm/0d115,
ll5m/c,d
ratio from the decay of the Agll5 parent is 0.09, and 28% of the 20-sec
Ag115 decays into the Cd 15 ground state, For bombarding»parLicle
.energies below 45:Mev, the cumulative=yield Cdllsm/Cd ratio from
fission is fairly close to 0.09, with the highest value for: o /o of
0.228, For bombarding-psrticle energles above 190 Mev, the cumulativew
yield‘Cdllsm/Cd11q ratio 1s much sbove 0,09, with the lowest value for
o /a of 0,34, The increased value of Cdllsm/Cd115 in high-energy
fission must be caused by an increase in the independent yield of Cd

(highwspin isomer). This increased yield of Cdllsm
19

from fission under a variety of bombarding conditions The Cd

115m

is in agreement with

the description by Bromley that high-energy fission is a lowmexcitation,

llSm/CdllS

ratio does not vary greatly with_projectlle energies in the 0,6-Bev to

high-angular-momentum phenomenon. The cumulative=yield Cd
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Table III

Literature sesrch on isomer ratios from fission

Projec- Isomer a{ag
. Projec- tile Target pair Product spins rom
Author Target tile energy-: spin product Isomer Ground fission Type of yield
Goeckermann . 115
end Perlman?! Bi a 190 Mev  9/2 ca 11/2 1/2 ~1 Cumulative
O'Connor_and ' 115 .
Sea‘bcrg28 Natural U a 380 Mev 0 ca 0.5 Cumulative
Folger, Stevenson, 115
and Seaborg2d Natursl U 30 Mev O cd 0.36  Cumulative
Newton3© Tn a BHev O cat> 0.083 Cumulative
Nerv:gs3l Ta D 310 Mov 7/3 0at1? L. Cumulative
Kruger and . |
Sugarman Th b} 450 Mev o] Cdﬁ?m 0.52 C(i:Ll5 is
Bi . 9;2 cd 1.2 cumulative
Au 3/2 2. 115m
rheniun 5/2 2.9 igdepenz:nt
Ta 7/2 2.8
holmium /2 0.55
Vinogradov . 115
et a1,33 Natural U P 480 Mev O ca 1.1 Cumulative
Wolfga . .
et ar. 3t o P 0.6 Bev 0,78 ca.ﬂgm 11/2 1/2 1.7 cd?’ 1e
1.0 Bev  1/2,22% Cd 2 cumulative
1.6 Bev 2.1 115m
cd is
2.2 Bev 2.5 independent
3.0 Bev 2.2
hudde3’ v 115
Shudde Natural U P 5.7 Bev (o} cd 1/2 1/2 0.34 Cumulative
2.2 Bev 0.45 Cumulative
0.34 Bev 0.35 Cumulative
Vandenbosch3® u?3 21.9 Mev  7/2 catt? 11/2 1/2 0.091 Cumulative
30.6 Mev 0.10 Cumulative
42.8 Mev 0.095 Cumulative
L45.5 Msv 0.178 Cumulative
Gibson3T P a 12.3 Mev  1/2 catt® 0.172 Cumulative
17.9 Mev 0.224 Cumilative
23.4% Mev 0.135 Cumulative
w237 a 28.1 Mev  5/2 11/2 1/2 0.110 Cumulative
35.0 Mev 0.228 Cumulative
45.7 Mev 0.17 Cumulative
y?33 a 12.1 Mev  5/2 cat? 11/2 1/2 0.184% Cumulative
19.6 Mev 0.127 Cumulative
23.4 Mev 0.075 Cumulative
Foreman3d m?32 a 27 Mev o ca*? 0.066 Cumulative
36 Mev 0.058. Cumulative
44 Mev 0.14 Cumulative
Wahl and P
Bonner3? o3 n 14 Mev 7/2 catts 0.070 Cumulative
A\
Schmitt and 115
Sugerman Natural U  photo- 16 Mev 0 cd 1/2 1/2 0.08L° Cumulative
fission 21 Mev 0.072 Cumulative
48 Mev 0.087 Cumulative
100 Mev 0.072 Cumulative
300 Mev 0.17 Cumulative
Jodra anﬁ 95
Sugarman’*l Bi b3 75-450 Mev 9/2 N 1/2 9/2 1.5 Independent
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3.0-Bev proton fission of 1eéd and in the 0,34=Bev to 5.7-Bev proton
fission of natural uranium., The work of Vinogradov33 and that of
32 show'no'COrrelation»between the spin of the
target nucleus and-the.Cdll5m/Cd115

Teble ITI shows that the cumulative-yield Cd /CdllS ratio
in the photofission.of natural uranium is close to 0.09, the ratio
from the parent Aglls, in theAenergy range 16 Mev to 100 Mev, but

c /c rises to 0.17 at 300 Mev, Sugarmanho assumés that below 100 Mev
5

Kruger and Sugarman

ratio.
115m

tho 1gomprq ATe farmed, from Agl and at 300 Mev are beginning to be
formed directly from fission,

There is a great difference between the two experﬁmental
ratins for Nb95m/1\Tb95 from bismuth fission.‘ The ground state .of Nb7?
has a high,spin, and the upper state has a low spin, Biller a5 obtained
an independent-yield ratio of 0,022.for~Nb95m/Nb95, and Jodra and
.Sugarmangl obtained an independent-yield ratio of 1.5 for Nb95m/1\1b95o
Biller®s result agrees with the hypothesis that fission is a high-
anguler-momentum phenomenon, and Jodra and Sugermen's ratio does not
agree with this hypothesis. ‘

In conclusion it may be sald that, since there .is only'oné
isomer ratio which may be .independent from thermal-néutron fission,
there is little evidence to support the .idea that thermal-neutron
fissilon 1s a low-angular-momentum phenomenon. In low~energy fission
below 45 Mev, a lack of independent isomer ratioe prevents the drawing
of conclusions about the fission process, In high-energy fission, the
work of Biller25 and of Hicks and Gilbert, 26 and the results in Table
III on the ca*™®/catt?

fission is a high-angular-momentum phenomenon, however Jodra and

ratio support the suggestion that high-energy

Sugarman’s l\T'b’Sm/l\lb95 ratio dves nut’support thie highaangn1ar=momentum
suggestion,
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II, EXPERIMENTAL PROCEDURES FOR ISOMERS FROM URANIUM FISSION

A, Target Procedures

Natural uranium foil (sbout 1 mil and 2 mils thick) was used
in bombardments in the 184-inch synchrocyclotron and in the 60-inch
cyclotron, Disks, which were punched 1 inch in dismeter and cut in
half, were c¢lamped in a copper clothespin-type holder and bombarded
with 50-Mev to 340-Mev protons in the 184-inch cyclotron., This thin-
target arrangement was described by Nervik.3l

In bombardments on the Crocker Laboratory 60-inch cyclotron,
the uranium foil was placed in a "cat's-eye" microtarget assembly like
that described by R:l.‘t;semah'2 except that an oval-shaped instead of a
round target was used. Figure 1 shows the microtarget assembly, The

target was bombarded with deuterons and helium ioms,

B. Chemical Procedures

Cadmium was removed from targets bomharded on the 184-inch
cyclotron with protons, and on the 60-inch cyclotron with 12-Mev
protons. Promethium was removed from targets bombarded with L45-Mev
helium ions on the 60-inch cyclotron. Niobium was removed from targets

bombarded with deuterons on the 60-inch cyclotron,

Cadmium

The uranium target foil was dissolved in concentrated nitric
acid containing cadmium carrier, The solution was made 4 N in nitric
acid, and uranium was extracted with tributylphosphate, The aqueous
layer was evaporated almost to dryness, and the residue was dissolved
in water. Ferric, lanthanum, and indium carriers were added, the
solution was made basic with NHhOH, and the hydroxides of iron,
lanthanum, and indium were centrifuged. Hydrogen sulfide: was passed
into the solution and the cadmium sulfide precipitate was centrifuged
and washed with dilute NHhOH. Cadmium sulfide was dissolved in 2 N
HC1l, palladium carrier was added to the solution, HZS was passed in,



Fig. 1. Microtarget assembly. A. Microtarget slot,
B. Microtarget, C. Degrading foil. '
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and the palladium sulfide preclpitate was centrifuged. Antimony cerrier
was added, and an Sb S3 scavenge was made. The Hzé Was.boiied off.

Silver carrier was added, ‘and the silver chloride precipitate was centriw
fuged. Zinc carrier was added, the solution was passed through a 2 mm X
5 cm Dowex A-2 anionmexchange colum, and the resin was washed with 0.1 M
HC1, Cadmium was eluted- with 1.5 N H soh This,eolumn.procedure was
suggested by Walter Nervik, 31 HZS was.passed‘through the eluant;

cadmium sulfide was centrifuged, washed with water, ethyl alcohoi, and
acetoﬁe, and dried under a heat lamp.  Cadmium sulfide'was”mounted.in an
aluminum "hat" for counting as described by Nervik. After the cadmium

sulfide was dried in the aluminum dish, which had a depression 1 cm in

.area, a drop of dilute clear lacquer was placed on the precipltate and

dried,

Promethium ' _

The separation of the rare earths from the ofher fission pro-
ducts was obtained by a chemistry procedure of fluoride and hydroxide
precipitatinﬁs and a Dowex-A~2 reoin-column step &3 descrlbed by
Nethaway za.nd.Hfi.cks‘,)+3 The bombarded urasnium foil was .placed in a test
tube, which contained promethium tracer, yttrium carrier, strontium
carrier, and a .few drops of hydrogen peroxide. The uranium foil was
dissolved by dropping concentrated HCl on it, The solution was diluted-:
to 2 N in hydrochloric acid and made 5 M in hydrofluoric acid, The

.fluoride precipitate was centrifuged and washed twice with water. -The

precipitate was .dissolved in a mixture of 1 ml of saturated H3BO3 and

0.5 ml concentrated nitric acid, The solution was diluted to 10 ml, and
one drop of barium holdback carrier was added., The solution was made
al;mmoniacal-with‘NHggas° -The hydroxide precipitate was centrifuged and
washed twice with dilute NHLOH° The precipitaxe.wes dissolved in 3 ml

of concentrated HCl. The solution was passed through a Dowax A-2 resin

.column 5 mm x 10 cm, and the eluate was collected in a Lusteroid tube,

The .column wes washéd with 2 to .3 ml concentrated HCl, and this washing
was combined with previous eluste, The solution was diluted to 2N,

Threemg'zr+1L and 0.5 ml concentrated H3POA were added, The precipitate
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was centrifuged and discarded, The solution was digested .in a hot water
"bath 2 to 3 minutes with 2 ml 1 M N Cr0) ., .About five .drops of 27 N
HF was added. The fluoride precipitate was centrifuged and washed twice
with water. The fluoride precipitate was dissolved in 1 ml saturated
-H_BO 'énd.oos ml concentrated HC1l, The solution was diluted to 10 ml

373
and made ammoniacal with NH_, gas. The hydroxide precipitate was centri-

fuged and washed twice with3water,‘ The precipitate was dissolved in 3
ml concentrated HCl, and the solution was passed through a Dowex A-2
resin column 5 mm x 10 cm long and collected in a tube in which were
also collected .the 2 to 3 ml concentrated HC1l used to wash the .column.
Then 6 M KOH was added to the eluate until the solution was basic, The
hiydroxide precipitate was centrifuged and washed twice with water, The
precipitate was dissolved in a minimum of concentratcd HCL (one or two
drops), and the solution was diluted to 4 to 5 ml with water. A tew
drops of neodymium carrier was added to the solution, About 1 ml Dowex-
50 resin was added to the solution, and the mixture was digested.in a
" hot water bath for 10 min with occasional stirring. The resin was then
transferred to the top of the resin bed of a Dowex-SO.resin column very
similar to that described by Nervikolm '

The .Dowex =50 resin column used to separate the rare earths
was set up as follows, Dowex-50 cation-exchange resin of "minus 400"
mesh =zize was grbded to obtaln that portion which settled between 1.0
and 1,5 cm/min in distilled water. The resin was washed with 6 M
ammonium thiocyanate until the red ferric thiocyanate color was no
longer visible, then washed in turn with distilled water, 6 N, hydro-
chloric acid, and distilled water again. Finally, the resin was .con-
verted to the ammonium form with 1 M smmonium lactate ahd stored in
distilled water until loaded on the column, All eluting solutions were
1M in total ;aétate‘concentration and asbout 0,01 M in phenol to premeﬁt
deterioration of the .lactate, The dimensions of the .ion-exchange resin
' bed were T mm 1.d. x 60 cm. This column was surrounded by a water
reservoir kept at a temperature of about,90°C by a heating tape, The
eluting-agent reservoir system consisted of two 2,000-ml flasks arranged

S0 that, by means of a stopcock cohtrol, the solution in the upper flask
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could be made to drop into the lower flask at the rate of one drop every
8 to 12 seconds, Both flasks were connected to the laboratory air pres-
sure system'through_a small air-filtering unit. Before a run, the resin
bed was preconditioned by passing through about 100 ml of the eluting
agent to be used., The pH of the 1 M lactate eluting agents was adjusted
with concentrated smmonium hydroxide and measured on a Beckman Model G
pH meter. The pH of the eluting agent in the lower 2,000-ml1 flask was
3.2, and.that in the upper flask was 7.0. Each flask contained about
300 ml initially, and the flow rate between the flasks was about one
drop .every 8 to .12 sec to give a steadily increasing:pHiin the eluting
agent.. Continubus mixing of the solution in the lower flask was assured
by a small.magnetic stirring device. After & run had ﬂegun, samples of
the eluent were .collected in the,collecting tubes over 3-min intervals
by means of an automatic sampling turntable, The promethium activity
came before -the neodymium carrier, which was observed as neodymium ox-
alate precipitate, For the activity assay, a drop of the eluent frqg

a collecting tube was placed on an aluminum plate and evaporated to
dryness under a heat lemp, and the aclivity was céunted in a Geiger-
Mueller counter, A pesk of promethium activity in the collecting tubes
.was ciéarly identified, The solution in the tubes of highest promethium
activity was concentrated, placed in a piatinum hat, and evaporated. to

dryness. The platinum hat was mounted for counting.

Niobium ‘
The niobium chemistry was obtalned from Hicks,h5‘ The uranium
target foil was dropped .into a 40-ml cone containing niobium cerrier -and
.3 drops of hydrogen peroxide. The uranium metal was dissolved by drop-
ping concentrated hydrochloric acid on it and adding,Hz.O2° Two milli-
grams of zirconium carrier was added. Concentrated nitric acid was |
added, and HCl1l was boiled off, The solution was digested in a hot water
bath. The niobium pentoxide precipitate was centrifuged and washed
twice with hot concentrated HNO3° The szos precipitate was dissolved
An HC1 by the following procedure. Ten milliliters of concentrated
-HC1 was added to the precipitate while the Nb

205 Was freshly precipitated,
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The solution.was,0001ed in an ice bath; saturated with HCl gas, stirred,
and digested in a hot water bath, The procedure was repeated (usually
. twice was sufficient) until the entire precipitate dissolved to éive a
‘elear, slightly yellow solution. A

The niobium was extracted from 10 M HC1l into diisepropyl
ketone in a 125-ml Erlenmeyer.flcsk wlth the .use of-a”ﬁechanical stir-
rer, Equal volumes of acid and ketone were used,

The niobium was back=-extracted fromithe diisopropyl ketone
4into 6 M_Hci with the .use of a mechanical stirrer, '

| 5 was precipitated with NHé gas at. 8 pH of 9. The preci-

pitate was centrifuged; and the solution was discarded. The precipitate
was glurried with 5.m1 of concentrated HNO,, The solution was diluted
to 20 ml, and the pH was adjusted to 9 with NH3
digested. The precipitate was centrifuged -and washed twice with hot
concentrated HNO_,, The precipitate whs transferred to a small crucible,

3
" dried under a heat lamp, ignited, and transferred to en aluminum hat for

goo, The solution was

_ ccunting.

C. Counting Instruments

The cadmium activity was counted in a Geiger=Mueller ccﬁnter
descriced.by.Nervik,3l The counting unit itself was an end=window,
chlorine—argonbfilled Amﬁerex type 100 C tube mounted so that samples
could be placed on any of five shelves below the end of the tube, This
whole ‘agsembly was housed inside a 2-inch-thick leadvcastle to reduce
background radiation, and the lead was lined with.aluminum to minimize
scéttering of radiation from the .inner walls of the castle., ‘When used
;in.conjunction.with &, scale—of—256 scaling unit, this counter could
‘handle activities of 80,000 to 100,000 counts per minute without dif-
ficulty° At these high counting rates, however, the time between entry
of successive beta particles into the sensitive volume of the Geiger=
Mueller tube becomes small compared with the resolving time of the
.counting cirecuit. In orderlto-get.the actual number of particles enter-

ing the .counter, it is then necessary to correct the observed .counting
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rate for these coincidence events. The coincidence .corrections for the
Geiger-Mueller countef'nad‘already been determined by'workers at the
. laboratory. ,

The promethlum activity was counted on a Geiger-Mheller counter
and on a Nucleometer described by Ritsema,hz' The Nucleometer contains a
methane~-flow-type windowless proportional counter The ‘high efficiency of
this counter made it partlcularly useful for follow1ng the decay of low-
intensity beta-partlcle emltters ’

The niobium activ1ty was ‘counted by follow1ng the decay of. the
230-kev and T50-kev gamma-ray peeks with a 10-channel gemma-ray pulse-
height analyzer. The counting unit in this instrument was s NaI(Tluactlw
vated) scintillation crystal, 1 inch-thick and lal/zeinch‘in diameter,
used in conjunction with an RCA 5819 photomultiplier tube, The gamma
spectrum was spread .over fifty channels which were counted by using the
10-channel analyzef for five consecutive counting periods, Shielding and
sample=position1ng arrangements for this counter were approximately the
same as for the Geiger-Mueller counter. Decay of an individual gammamray
peak could .be followed by counting the sample permodically, plotting the
gemma, spectra, integrating under the desired peak, and,plotﬁing integrated
counts as a function of time, The counting efficiency varies with gamma-.

ray energy.



-28-
| III. TREATMENT OF DATA

For beta counting the disintegration-rate ratios of samples
counted with the same geometry were .calculated by dividing the observed
counting rate by the following factors: 'fa,‘correction'for abundance;

f , correction for coﬁnting efficiehcy; f béékscéttering correction;

eff bks’

fabs’ correction for air and window absorptionj fSSA

scattering and absorption in the sample, These corrections were described
by Nervik,.3‘l

s correctien for self-

fa."Correction for Abundance: When a nuclide decays, the radia-

_tion thét it emits is usually a complex mixture, Its radiation may
icongigtaf two or more beta particles of different energies and several
gemma Tays. When & nuclide with a complicated decay scheme is counted,
the abundanée of each of the various .components ofjthe.decay must be
~known.§6 that each mode of decay may be corrected seﬁarately for each of
the correction factors. The total "counting efficiency™ or'converéion
factor for a glven nuclide may then be obtained by adding the counting

: efficiencies of the various .components of the decay,

feff'Coi‘rection fof Counting Efficiency: It was assumed that
100% .of the beta particles entering the densitive volume of the .Geiger-
Mueller tube would he counted, Therefore, f pp = 1.0 for beta particles,

The counting efflclency of gamma rays in the Geiger-Mueller tube was ob-

tained from the work of Studier and James,46 and the counting efficiency
ranged from 0.5% for 0.25-Mev gamma rays to 1% for 1.0 Mev,

Ifks Backscattering Correction Factor: If a weightless sample

is .placed on a mounting plate which has a macroscbpic mass, the observed
activity is higher than if there were no mass present This increase '
is due to backscattering of beta particles and is a function of the
energy of the beta particle and of the thickness and atomic number of
the backing material;h7’48 For a given maximum energy of beta particles

and a given backing material, fbk increases with increasing backing
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thickness until a saturation" thickness is.reached, after which f,
remalns constant, For a given betaﬂpartiele energy and thick’ backing
materials, the fbk increases with 1ncreasing Z of the backscatterer
For ‘a saturation thickness of 8 given 7 and with varying beta~-particle

energies, f increases . from O to 600 kev and remains approximately

constant‘fogkall higher-energy beta particles, 1In order to minimmke
errors that would be introduced if backscattering,eqrrectlons were un<
certain, the cadmium samples were mounted on sluninnm plates thick
enough to give saturation beckscattering-for>all'bets:particles in-
volved, The prbﬁethium samples were mounted on platinum thick -enough
to give satura.tionba_.ékscat,tering° The-backseattering corrections

were taken from the data of Burtt,

‘ faibs,Correetion for Air-and'Window~Abserptionz In the "Shelf
1" or "Shelf 2" geometry in which the samples were_connted, radiation

had to pass through alr and mica before entering the sensitive volume
.of the G=M tube., This thickness of material could easily sbsorh a sig-
nificant fraction of:beta radiation, especially ef low energy. For
-1ight elements the sbsorption thickness in mg/cm is almost independent
of the nature of the absorber,h9 therefore, the’ known mg/cm2 thickness
of mica and air is approximately equivalent to the same thickness of
aluminum, Tnereforeyithe,correction factor was_ calculated with the use
;of'the curve of aluminummabsorption half thickness versus beta-ray

maximum energy.

Tssa Correetion for Self-Scattering and Absorption in the
amples When any but a. weightless sample is counteéd, the beta radia-

tion emitted may be scattered or absorbed by the mass of the sample :
itself, The size of this effect depends on the energy of the beta

radiation and on the thickness and atomic number of the sample Nervik
50

have measured . fSS in sodium and lead salts° The self-

scattering factor for CdS. was measured experimentally by . a worker at

‘and Stevenson

the laboratpry. Since the promethium samples were weightless, the self-
scattering factor for the promethium samples was 1,00, ' '
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The decay scheme for the cadmium isomers of mass.115 (shown

‘below) was taeken from Strominger, Hollander, and Seaborg;lz

J1ism

(11/2-) e . (43 ) 0,18
PR

e S 53 m)

1.42

1,30

Y. 0.9

InllSm . | | ,‘ :
T IT] —0.335
115 l | -
In v o

The beta-particle energles and percent abundence for the

(1/2-)

(9/2+5

.cadmium and promethium isotopes are taken from Strominger,.Hollander,

and Sea‘borgld and are as follows:

Isotope ~ : tl/z- ' B~ energy (Mev)

cg " 43 a 1.61 (98%); 0.7 (2%)
catt? 53 hr 0.58 (k2%)s 1.1 (58)
Pt 5,34 2.5 |
P 43 a 2.4 (veak); 0.6

) 5% hr ©1.05
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149 and 43wday,Pmlh8 were re-

The activities of 5l-hour Pm
solved from the gross G-M=counter decay curve, The 5.3=day PmluB'was
not present in sufficient quantity to be resolved from the .G=M=counter
decay curve., By adding arbitrary amounts of 5.3-day Pmlh8 activity to
the decay curve, one could see that the cross section for 5.3~day

lh8 would have to be at least twlce as. great as that .for 43-day
Pml)+8 in order for the,5.3~day‘Pmlh8 to be visible in. the resolution
of the decay curve o ‘ i

-The activities of 53Phour C& 115 and h3=day Cdllsm-were Tre-
solved from the grose G-M-counter dceuy curve, The .cadmium ieemefs
were further identified.by means of gamma spectra'and aluminum-absorp=
tion curves. The gamma, spectra‘fcr the cadmium isomers were obtained
on a 50=~channel gamma-ray pulse-height analyzer .The counting unit in
.this Anstrument was a l-inch thick Nal (Tl-actlvated) scintillation A
crystal used in conjunction with an, RCA 5819 photomultiplier tube and .
a 50=-channel anelyzer, . _

The decay scheme .for the niobium isomers of mass 95, taken

from Stromlnger, Hollander, emd‘Sea.bor'g,,:Lz iss

(90 hr) Np27"

(1/2=-) o 231
o ’
(9/z) — 2T |
' (9/2+) 0.768
| (5/2+) 0
/2+) T o5 |

The decays of the 230-kev gamma pesk .of Nb95m

of Nb95
gemma peak contributed to the counts under the 230-kev peak, After the
'230—kev activity had decayed out, the height of the 750-kev peak was
normalized to the.height of the high-energy pesk in the sample that
contained the 230-kev peak, and the Compton scattering under the 230<=kev

and the T50-Kev gamma peak
were . followed, The Compton scattering-from the high-energy




-32-

peak was calculated,: In thié way the 230—kef peak was corrected for
the Compton scattering from the high-energy peak The 150=kev gamma
peak decayed w1th a half life of 35 days The 230=kev gamma peak.
decays with a half 1ife of 76 hours, but this half life was uncertain
by as much as 15 hours,

The counting efficiency of the sodium iodide (thellium-
activated) crystal veries with the energy of the gamma.ray. The |
ratio of the efficienéy of the two peaks was obtained from Kalkstein
and Hollander oL .

° From the tables of Sliv and Band oz the internal-conversion
coefficient in the K-shell for the 231-kev gamma ray, which ie an ML
transition, was found by lnLelpuldLlun to be 2, 60 " The intérnal -con-
version coefficients for the 23l-kev gamma ray in the L shells were
also obtained .from the tables of Sliv. 23 The internal-conversion
coefficients are 0,352, 0,0580, and 0,106 for the Ly, Lyps and Lppp
shells respectively. Thus, the total internal-conversion coefficient
for.the .L shell is 0?5165 The total internal=-conversion coefficient
for shells outside the'L shell is assumed to be 40% of the total L-
shell conversion éoefficient° Therefore, the total internal conver-

slon coefficient for the 231-kev gamma ray is 3.32,
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IV. .RESULTS ON ISOMERS.FROM URANIUM FISSION

As the Pml)*’8

determine the 1ndependent~yield ratio of 5.3-day Pml ﬂo h3=day Pm
in the A45-Mev heliumuion fission of uranium., However, the presence
of & large amount of Sh-hour Pmlhg would make it difficult to see the
5.3~-day . Pmlhs° In fact the experimentally determined ratio of the

£9 to the’ independent yeild of L43-day Pmlh8
350 £ 100, Although the 5. 3~day Pmlll8 was not seen in the decay curves,
it is pos31ble to establish an upper limit for the independentwyield
ratio of 5 3-day Pml'l+8 to 43~day Pmlha, Which 48 T

isotope is shielded an attempt wes made -to

148

(5 3-day) <2

(43~day)
".In the deuteron fission of uranium at 19 to 23 Mev, the in-
dependent-yield ratio of Nb95m
from 70 to 100%, The accuracy of this ratio depends on the accuracy

[4

to the total niobiw of mass 95 ranges

of the efficiency correction for gamma counting and the accuracy of
the . conversion coefficients taken from the work of’,Sliv° Since.the

95 ; has a low spin and the ground state of Nb95 has a

upper state, Nb
high spin, this result 1s not in agreement with the suggestion that
' fission is a high-angular-momentum phenomenon
115 115m
The .cross=-section ratios €4~ /Cd
of natural uranium are shown in Tsble IV, These ratios are .for the
cunulative yileld. The results in this work are compsred with the

results of'Hicks26 and Folger29 for the cumulativesyield ratio,

from the proton_fission
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Table IV

Ratios of cadmium-115 to cadmium=-115m

Proton energy (Mev) -

3%0 250 150 9. 50 12
Balley : 2.8 3.5 3.8 7.8 18,5 > 31
Hicks . 2.3 2.8 4.1 6.7 1k
Folger. N ' 2.8
% agreement , 206  23% &% 15% = 28% |
of Bailey : ~
with Hicks
| Upper limit of -7 3.3 3.6 5.5 é,6 e

Hicks}s data -

-

Lower limit of - B 2,0 2.1 2.5 3.2 4.9
Hicks's data

"% spread .in 50 54  75%  92%  140%
Hicks'’s data-
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‘V, EXPERIMENTAL PROCEDURES ON Schh ISOMERS

A, Target Procedures

Spéctroscopically pure scandium oxide powder was used as a
target for alpha particles on the 60-inch cyclotron and the 184-inch
synchrocyclotron, Reagent-grade potassium phosphate tribasic powder
was used as s target for alphs particles'in the 60-inch cyclotron‘

About 10 mg of a paste made by mixing Sc powder and Duco cement

2'3

was spread in a 10-mil pletinum-"hat'"' This platinum hat was .covered
with a 1-mil platinun cover foil and mounted in a microtarget assembly

- described by Ritsemale for bombardment on the 60~inch cyclotron with

helium ions. About 15 mg of potassium phosphate.K3POh powder was
similarly mounted as a target on ‘the 60-inch cyclotron and bombarded
with helium ions. The platinum cover foll was Weighed in each bom-

‘bardment, Weighed aluminum foils were used .to degrade the energy of

the helium ions from the 60-inch cyclotron as described by Thomas ot

The energy of the helium ions was obtained;from the range-energy
curves of Aron, Hoffman, and Willisams. 55

For bombardments on ‘the 18h-inch synchrocyclotron with 320-
Mbv helium ions, a paste of scandium oxide powder and Duco cement was
wrapped in aluminum foil sbout 2 mils thick and clamped in a._ copper
target holder.

B. Chemical Procedures

Scandium was removed from all the targets,

Sc O3 Targets from 60wﬂnch Cyclotron -

The platinum hat containing the scandium oxide was dropped
into a centrifuge cone containing about 20 ml of 3 N HCl. About 10
mg of scandium carrler was usually present in the 3 E_HCl solution,
The solution was heated with occesionel stirring for sbout 1/2 hour
in a hot water bath to dtssolve the scandium target. The solution.was

made basic with NHhOH, and scandium hydroxide was centrifuged and
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washed twice with dilute NH)OH. The scandium hydroxide was dissolved
in concentrated HCl, the solution was diluted to 4 N HCIL, and -27 N HF
was sdded, After digestion in a hot bath for 1 minute, scandlum
fluqride,was centrifuged and washed twiée with water, Scendium fluo-
ride was dissolved in a mixture of 1 ml saturated H3BO3 and 0.5 ml
concentrated.HNO3 and the solution was diluted to 10 ml. About 0.5
mg calcium holdback carrier was added, the solution was made basic
with NEMOH’ and:the scandium hydrogide was centrifuged and washed
twice with dilute NH40H, As describgd gbove,; another scandium fluo-
ride precipitation and another scandium hydroxide precipitation with-
out a&ding calcium holdback caerrier were mede. The scandium hydroxide
precipitate was dissolved in concentrated HC1l. The ocolution wae
diluted to 3 N HCl and passed through a 2 mm x 5 cm Dowex A-2 anion=-
>exchange.column,- Scandium hydroxide was ;ééin precipitated from the
solution with NHhOHvand washed with dilute NHLOH.and acetone, For
all bombardments below 35 Mev in energy, the scandium hydroxide was
mounted in sluminum hats as described in Experimental Procedures for
Isomers from Uranium Fission. Secandium hydroxide was mounted in a
1/32~inch lead “"hat" with a depression 0,7 cm in diameter and about
0.l'cm deep for all Sczo3
lead hat was.covered,with,a:l/32-inch lead cover foil.and mounted in
a 5/16=inch=diameter hole in & 1/8=by=1/lG-inch stainless steel strip
and held in place by bent flanges. This steel strip was mouﬁted in

‘bombardments above 35 Mev in energy. This

a definite and fixed position in a Lucite noider for counting.,

SczO3rTargets,from 184-Inch Synchroecyelotron

The alimimim foll containing the secandimm oxide was dropped
into a centrifuge cone. The'aluminum‘foil was diésolved by dropping
concentrated HC1 on the foil, about, 15 ml of 3 N HCl wes added; and
the.soiution was heated with occasional stirring for sbout 1/2 hour in
‘a hot water bath to dissolﬁe the scandium target. A scandium hydroxide
and a scandium fluoride precipitation were made as described gbove, In

the next scandium hydroxide precipitation; ‘about 0.5 mg of magnesiumA



=37~ ,
héldbapk.carrier, as well as calcium holdback carrier, was added. The

remainder of the chemical procedure was the same as that described for

the 80203 targets from the 60-inch cyclotron except-that the step of
passing the 3 N HCl solution through the 2-mm-by=-5-cm Dowex A~2 anion-

exchange .column was omitted, - L

KSPOh_Targets from 60-Inch Cyclotron

The platinum hat containing the potassium phosphate was drop-
ped into a centrifuge cone which contained about 20 mg.Qf'scandium

cerrier, The‘K3POh target'wés dissolved with occasionalAstirring in

about 15 ml of water. . .'The remainder of the chemical procedure was the

same as that for 80203 targets.from the 60-inch cyclotron except that
the fluorine precipitations were omitted.

C. Counting Procedures

. The scandium activity was counted on a Penco Model PA=-3 in
which the detecting unit was a sodium iodide|(thalliumaactivated)

Ascintillation crystal The 1,16=Mev gamma ray of 3. 9=hour Scll'lL and
.the 2T70-Mev’ gamma ray of. 59~hour Schhm were.seen, i

4hm bl

. The decay schemes of Sc and Sc ', from Strominger, Hol-

i
. Sc :
,(6,7-!-)‘ : - MJ
. C o
’ (293"3")\ ] A

lander, and Seabofg,12 are:

' 2.5h
. 10,.1%,
(2+) lol6
(04 )= 0
. (0+): "

Stgble.Ca

The independentayield ratio of Sclmm to ScML was got by following the

decay of the 1,16-Mev gamma Fay of 3.9-hour Sclm° During the first
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dey after bombardment, frequent measurements were made of the 1,16-Mev
gamma. peak,  which consisted of the decay of-thé 3.9-hour Schh formed
oy the.(a,dn),reaction and of the growth .of the 3ﬂi-hourAScyh formed
by the isomeric transition of 59-h01:tr>Scb'JJ'*'n to Sc¢ .. For several days
the decay of the 59-hour Scl"b'm by isomeric transition to Scm’L wes
followed by counting the 1,16-Mev gamma pesk of ‘3.9=hour Schh-in
transient equilibrium with its parent. From the 59-hour decay curve}‘
.the growth curve .for the .3,9-hour Sclm by isomeric transition was
.constructed. This'Schg growtﬁ‘curve was subtfactgd from the experi-
mental decay curve in order to obtain the 3.9-hour decay curve of

Sc formed from the nuclear reaction. . From the 3.9=hour decay curve
ol Schh'and the 59=hour decay curve, of Scuh in éiuilibrium with Oc 5
the independent-yield ratio Sclhlan/Sc‘!‘l'J“‘L wes obtained.

_ The .decay of Sclmm is entirely by isomeric transition, with
e/y = 0,14, The decay of Scha goes T% by electron?capture and 93% by
1,47-Mev positron, In some bombardments Sc 3,is formed, The amount
of Sch3 present 1s lmportant because 3.9<hour Sch3 has a 1,05«Mev
gamma ray in 10% sbundance, This 1.05-Mev gamma ray will be counted
in theni,l6-Mev gemma. peak of 3,9-hour Sc't as the half lives of Sc'3

and Sc are the same, . The decay scheme of Schs, which is from

Strominger, Hollander, and Seaborg,lz is the following:

Scll'3
(7/2-) -

0.993

(5/2-)—T——2¥o/ 371

(/2= 0
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The 3.92---71101.11;801‘L3 decays ‘4% by 0,39-Mev B+, 17% by 0,82-Mev

B*, and 79% by 1.20-Mév B”,

'Lindﬁviét56,lists“the following gamma rays

of Sch3:
Energy Relative Measured in
(Mev) - gbundance »
0,25 + 0,01 0.5 megn. lens
 0.369 % 0,005 8 magn, lens
0,511 - 100 - magn, lens
0.627 + 0,005 - 2 magn, lens
0.84 + 0,02 weak scint, spectr,

In Nuclear lLevel Scheme557 the following decay scheme for

sc®3 15 1istea:

(5/2,7/2=)

(3/é~)
(5/2=)

(7/2-)

(7/2-) =

1.05
1105
' 9“627 0,61 -

.0.381,,

'l Steble Ca.

i3

1.22
~10%

\ 0,82

1w

(14 B, 5% EC)

(65% B, 6% EC)

As reported in Nuclear Level Schemes for Scl¥3 Lieshout and

Hayward58 did not find the O, 627 and 0,84k-Mev gamme rgys\of Sc)'l'3 Jbut

did find a 1.05-Mev gamma ray, which was not in coincidence with the

0,38-Mev B~ and which had the abundence of 10 gémma_rays per 100 B+ events,

Therefore, Nuclear Level Schemes

lowss

1ists the gamma_rajsAof Sc..

k3

as. fol~
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Energy (Mev) Photons /100 g%
0,25 1
0.369 16
1,05 10

The threshold energies of the reactions Scus(d,an)Schh,

sch(a,GZn)Sch3, Khl(a,n)SchL, and Khl(a,Zn)Sch3,wereAcaléulated as

12.3; 2268, 3,65, and.lh,3.respe§tively, The masses for the calcu~
9 .

lations were taken from Wapstra.

Below & helium-ion energy of 34 Mev the .0,369=Mev gamma

43

ray of Se ” was not seen on the Penco Model PA-3, Below a helium-

hhg/schh

ion .energy of 34 Mev the Sc¢° rallu was measurcd by following

the decay of the 1,16-Mev gamma-ray peakAof Sclm on the Penco Model .

PA=3 as the 59-hour Schhm decayed into the 3,9-hour Schh’by isomeric
transition. When scandium oxide was bombarded with 43-Mev helium
ions, the 370-kev gamma ray of 3.92-hour Sc2F3
Model PA-3, Since the 3,92-hour Scllf3 has the same half life as 3.9=-
43 cannot be resolved from
the decay of the .1,16-Mev gamma-ray peak of Scuh. Since the 1.05=

Mev gemma ray of SclL3 is not in coincidence with .annihilastion radia-

.was seen on -the Penco

hour §chh, the .1.05-Mev gamms ray of Sc

tion according to Nuclear Level Schemes, -the 1,16-Mev gemma ray of

ScML in coincidence with annihilation radiation was measured by means
of a coincidence setup in o;der to measure the activity of pure Sc v,
The Penco Model PA-3 and a single-channel pulse-height
analyzer were used in the coincidence setup. The sodium iodide (thal-
lium-activated) crystals were 1.5-inch in diameter and 1 inch in height.
The .crystal, photomultiplier tube, and preamplifier were placed in a
steel cylinder, which was screwed into a Lucite holder. The angle
‘between these two steel cylinders was 90 degrees. “hs single-channel
pulée—height analyzer was set on the annihilation peak. The varisble
window width was €et at a value that wopld include the entire annihi-
lation-peak width, The gain position of the center of the annihilation =
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peek was checked frequently to prevent loss of counts because df drift
of the pesk position, The counts from the single-chennel pulse-height
analyzer were used to trigger the gete on -the Penc‘o'u The gemma rays in
coincidence with the annihilation radiation were counted .on the Penco.

137

The gate time was measured by counting two Cs standards,
each shielded from the activity of the other. The activity rate.of}oné"
.05137 standard was measured by counting on the Penco‘without colncidence.
Then the activity rate of the sa_me‘Cs137 standard with the same geometry
was measured on the Penco with the coincidéhcé setup in which the gate
was triggered by another cs37 stenderd with a measgréd éaté rate. Fram
this accidental singles rate, the gate time was calculatéd bj the formula

CxGr= Cchance’

with C as Penco count rate without coincidence, G, as gate rate, T as
gate time, a.nd,Cchance as accidental Penco count rate ﬁith coigcidence°
‘The gate time was calculated to be 5.7L microseconds. This gate time
was used to correct the .coincidence cbuhting rate for a 13% accidental
sing}es rate on the 320-Mev helium=-ion bombardment of 80203. While the
h-hour activity from bombardments was being counted, the length of the
gate and the shapes of the signal and gate pulses were monitored with
an.oscilléscope,

In a Sc‘zo3 targetliombarded with 320-Mev helium ions, the 1,16-
Mev peak of the 3.9-hour Sc activity was estimated to contaln 3% of the
1.05=-Mev peak of 3°9~hour Sc)+3 by calculating from the amount of the 370-
kev peak of Sch3. The .counting efficiencies for the 0,.370= and 1,05=Mev
~ gamma rays were -taken from.Kalkstein,51 The Schhm/Schh cross-section
ratio was 0.61 from counting without coincidence with h% correction for
SclL3 and was 0,62 from coilncidence counting on_amother bombafdment. When
coincidence counting was done on the lL-hour activity, the coincidence
.counting setup was also used for the 59-hour Sc activity in order to
avoid making counting correctibns° '

In the 43-Mev helium-ion bombardments on Sc,0, and on K FO),

JRIM g S e , 3 T3k

the Sc /Sd” cross-section ratic was measured by following the 1,16-

Mev' gamme-ray peak of Schh by means of the coincidence setup,
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In the Sc45 (33.7-Mev Q,0n) -Sc * and Kul (20,7-Mev a,n) Sc
. reactions, the gamma rays were counted with a sodium iodide (thallium-
" activated) crystal '3 irches in diameter by 3 inches high;in all other

" bombardmeénts 1.5-by-l-inch crystdls were used,
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VI. TREATMENT OF DATA ON Sc** ISOMERS

The number of counts in the 1,16-Mev gamma-ray peak of Sem+

was computed after background and the Compton scattering from the 1.67~
Mev stack—up peak of 0.51- and 1,16-Mev gamma. rays were subtracted out,
Forty hours after bombardment the 1,16-Mev gamma peek of Schh
in'transient equilibrigm with its parent Scm‘m was decaying with the
59-hour half life of sc&ym; When the time required to take the count
rate varied from 5% to one=-third of the half life,‘thevfollowing formula
‘was used to determine the time T ‘for which the meaeured,count-rateﬁis

the correct rate:

-?Aftt x '%‘ (1 = g- X + %5 fxz ~’% x3 1:
with t as the time when the counting period began, A;t as the length of
the,counting period, and x as AAt. The decay constant kl for S(:’b'lml was
taken as 0.0117 hour l, and hz for Scm‘L as 0,178 hour.l or O 00297 min R

The 59-hour activitv of ScLLLL in transient equilibrium with
Sem"m was extrapolated back to.the -time t of the middle of the bombard-
ment This gives the activity A of ‘the 3 9=hour Schh‘in transient equi-
librium with the 59-hour Schlun parent at time to if there had been equi=-
librium at(that time. .The activity Ai of 59-hour Schhm at time tb was: -
fonnd from o hl | ' o' .
Al = A, (1= 52) = 0.93h A .
Thih;ctivity szof the 3,9<hour Schh which has grown.in from,the‘59~hour
Se parent was calculated from the formulas

_ 40 >‘z (eﬁ%lt i e'*z?) L0 (e“"‘lt ~ e""‘z‘t)°

This activity rate A2
a period of several hours after bombardment to give the activity A of

was subtracted from the total actlvity rate during

3.9-hour Scuh which resulted.directly from the nuclear reaction.end not

" from the decay of the parent, 59-hour Scm@° The ratio

(o] . 0 .-
A A ~A
—2 3 22y (1-2) = 11 =2
N % =
02 . ) o2 -

] L
equals the Schum/Sc§h cross-section ratioc with oA2 as A2 at to°
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VII. -RESULTS ON sc?h 'ISOMERS

Table.V'gives the Schhm/Scuh cross»section‘ratio when Schs
(spin 7/2) was bombarded with heliim ions at 20 4-to 320<Mev energies. The
"first column of Teble V gives the Sc /Sc‘ cnoss~section_ratioa The
second column gives the energy of the helium ions in.Mev, The third
column gives severai conditions under which the 1,16=Mev gamme-ray peak
was .measured, Since two different Penco Model PA-3 mechines were used
for counting, the first condition of measurement listed in the third
column.is,which.of the two Pencos was useqd, iWhenAthe.couﬁt rate on the
Penco was high, the percent of the .time that the Penco was ﬁot‘counting

_ was read (as percent) on a déad~-time meter on ithe Penco, This_dcad—

time meter reading should not be trusted to better thamw five units. The
codnting rate was corrected for dead time., The dead time affects the
isomer ratio because the dead-time reading was close tp zero during the
decay'of‘the 59-hour Schhm,but ﬁas high during the decay of the 3.,9-hour
Sc h,formed.in.the nuclear reaction, The second condition of measure- A
ment listed in the third column 1s the maximum dead-time reading re-
corded in the counting. Since two sizes of sodium iodide (thallium-
activated) crystals were used in counting gamma rays,‘the third condition
listed in the third column .is the dimensions of the crystal. In all
coincidence counting, only 1.5-inch-diameter by l=luch=high erystelo were
used, The fourth condition listed,in the third column is the data of the
bombardment When c01ncidence counting was used; this is listed, When
the Sec /Sc cross-section.ratio was corrected for h% Scu3 in the k-
hour activity from the Sc 5(a,a2n)8043 reaction, this is listed in the
-.third column, An additional ‘part of Table V is the summarized listing
,of‘the average Schhm/Scuh ratlo versus the average helium-ion energy.

. .Table VI gives the Sc /Sc cross-section ratio when Khl of’ spin
3/2 was -bombarded with helium ions at 1lO-Mev to .l43=Mev energles The
organization of material in Table VI is similar to that in Table V. The
sample which gave 0.5 for Sc /Schh at 10 Mev in.Table VI was only one =

tenth as strong as the sample which gave 0,24 for S'c)'})“"n/Sc)'m at 10 Mev;
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Table V

Schhm/schh

ratios. for Scus(a,dﬁ)Scuk reaction

Alpha .energy

(Mev)

Condition of measurement

20.
" 20.
25,

25,

33.
33.

43,

320

320

320

2

; .

Penco No. 1, 2.5% dead time
1.5xl-in. crystal. 8/5/57

Penco No. 2, 20% dead time
- 3x3-in. crystal. 9/30/57

Penco No. 1, 2U4% dead titme
1.5xl-in. crystal. 9/3/57

Penco No. 1 and No. 2 1k4%
dead time 1.5x1-in. crystal.

9/9/57

_Penco No..2,. 27% dead time

3x3-in. crystal. 10/1L/57

PencolNo.:z, 11% dead .time
3x3-in. crystal. 10/21/57

Penco No. 2 with coincidence
counting. 11/22/57

Always used 1.5x1-in. crystals

with coincidence counting.

Penco No..1l, O dead time

1.5x1-in. crystal. 2/28/58
‘Ratio corrected for- 4% .Sc*3

in the L4-hour activity.

_Pénco No. 1 with coincidence
‘counting. 2/12/58

Penco No. 1 - same sample as
above without coincidence

counting. 2/12/58
15% dead time..Ratio corrected

for 4% Scl3 in lh-hour activity.

Séhs(a,an)Scuh results summarized

Energy
: s¢m”‘f/séLm

20k
1.7

25.2

1.3

33.7 43 320

1.5

2 '_1.1;' 0.62
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as a result; the stétistics that gave 0.5 fgr;Sch*m/Schh were much poorer

than the statistics that gave 0.24 for Sc /Sclm° Since the samples had
4,décayed~thr6ugh,l-l/2*half lives before the first count was taken, the

scatter of the points on an activity-?éréﬁs»time-plot ga&e a larger chance
' for error for the weaker sample, G

J e
- Tgble VI

Schhm/Schh ratios for Khl(a,n)Schh reaction

Mim . 4h Alpha energy _
8¢ /8¢ (Mev) Conditions of measurement
0,24 ' 10 Penco No, -1, 5% dead time,
1.5 x 1=inch erystal,
11/11/57
0.5 l 10 ~ Penco No. 1, O dead ‘tite,
: 1.5 x l-inch crystal.
11/11/57
0.88 43,3 Penco No. 2 .with coincidence counting,
: 12/17/57 ‘
Khl(oz,n)Sch'll results summarized
Energy . 10 . 43
séh’“‘m/séML 0.3 & 0,1 0.9 + 0,1
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VIII., DISCUSSION

The. compoundcnucleus model is used for calculating the Sc /Sclm

isomer ratio produced by the following reactions: (lOaMev a,n) Sc

and Sch'5 (a,an) Schh and Sc 45 (p,pn) ScML at energles 0.4 Mev above

.threshold.

Thé4following descripfion,is a brief summary of ‘the compound-
nucleus calculation. From the addition of the spins of the target nucleus
and -the incoming pafticle, the SPin'ﬁu of the entrance channel is obtained.

,The‘éngular momentum ﬂi,of the incoming particle combines with the entrance-

channel<s§in Sa to give the spin Jc of the .¢ompound nucleus, These steps
are followed through in order to obtain the percentages .of the different

.values of Jé, .The compound4nucleus.emits 8 particle to give a residual

nucleus. _Addition of the spins .of the residual nucleus and of the out-

going particle give the spin-Sonf the exit chennel, The angulsr momentum

zf of the outgoing particle combines .with the exit-channel spin SB,to‘eqpal

the spin of the compound. .nucleus, Jc“ -Thus, -the exit-channel spin SB is

calculated. From SB the‘spinlleof the residual nucleus is calculated,
These steps are followed .through in order to obtain the percentages of the
different values of Iz. The residual nucleus drops through a. gammawray

cascade to either of the final products, SclL (I =7or 6) or Schh (I =

or 2), Thus, the yleld ratio of Sc to Sc¢’ " 1is obtained.

A, CompouhdaNucleus Calculatians

Blue and.Bleuler6o'gave,the following decay scheme .for Sc
Iy - A

and Sc 3
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+ o+ — . -
o7 hr; 6 5T . - Sﬁhh ! 0.27, EY
4 hr, 22,3+' ' ._ ,. '

(1,38, <'0.5%) a
S s

2.54%, 0,12%

~1.16, E2- . 1. -
T +__x__!L_-._.__

0
bl

From this decay schéﬁé, it is assumed that Sc and Scll'lL have even

péiity.'

K* (10-Mev aind 8c** calculation
’ The isomer ratio'g;hh@/Scu
reaction was calculated in thé'following way. The alpha-particle energy

b from the Khl (10-Mev a,n);Schh
of 10 Mev in the laboratory system gives an extrance-channel energy Qa
of 9.1 Mev in the center-of-mass system, Since the target nucleus Kl‘l
has a spip of 3/2+ and. the alpha particle has O spin, the entrance-~
channel spin Sa‘is 3/2+. In the entrance chennel, the cross section
for the formation of the compound nucleus with a particular angilar
momeﬁtum is given by the formuls '

(@),

Y/

o, () = (22 +1) = ’XZT
Y}

with % as the de Broglie wave length divided by 2x, T 2 (o) as the trans-
-mission coefficient for each 4, and £ as the quantum number for the
orbital angular momentum according to which the square of the angular

momentum equals £ (£ + 1) £%. The wave number k = 1/&.. The trans-

R W
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mission coefficient T (a) was obtained from Feshbach Shapiro, and

Weisskopf,,61 The following constants were calculated for use with the

table: ,
, 1/3

Nuclear radius R = 1,5 A = 5,17,

Coulomb barrier B = 1,442 sz - 1,_1;1;? ’1‘72 %19 _ 10.6 Mev;

_' w2k _ (1.05x10° 27) x (10%3)2
° BN 246,65 x 107 l’x1°60x10"6

<
|
|

5.17 Mev

with K = 1013 mfl and the alpha-particle mass M = 6 65 x 10”7 2h- g and 1 Mev

equals 1, 60 x 10 6 crg,

, /B 7= 0.49; - oo _ _
'g = 0,069% =z ZR M/Mv o 0694 x 2 x 19 x 5 17 X g—% :,—.,.51P.1+‘with,Mp as
pioton maess; ' o
| g=7h' |
x;E/B—?_06-086<

By using V /B =0,4, g =7, and X = 0,9, one reads off the values of h/T
from the table, The values of T, for different 4 ares

)
y) T,
0 0,543 .
1 0,49k
2 0:39h4
3 0.250
R 0.121
5 0,0408
6 0,00983
7 0.00175
8 2,48 x 107
9 2.63 x 1077

The results of calculating o (@) by the formula

o, (a) = (20+1) 2 RE T, (@)
ey _'

are shown in Table VII,
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‘Table VII

FindingsAfrom mathematicaiAcalculétions'fdf the |

' Khl (10=Mev a,n)'Schh reaction
&g (@ %4 %
0 054 . 7.30 3/2
1 148 . 19.9 - . 5/2, 3/2, 1/2
2 9T . 2.5 - 7/2, 5/2, 3/2, 1/2
3 L1t 236 9/2, 1/2, 5/2, 3/2.
4 1,09 o IhT 11/2, 9/2, '1/2, 5/2
5 0.449 6.0k . 13/2, 11/2, 9/2, 7/2
6 0.128 .. LTz 15/2, 13/2, .11/2, 9/2
T 0.0262 . .0.35 . 17/2, .15/, 13/2, 11/2
8  o0.00k21 0.06 19/2,°17/2, .15/2, 13/%
9

.0,000500 0,007 . 21/2, 19/2, 17/2, 15/2

The second column of Teble VII gives o, (@) in units of n'&za
The third c¢olumn gives the percent.of each £ valuéAwhich contributes
inside thé,nucleus, Jc, the angular momentum of the compound nucleus, is
" given in the fourth column.,  The channel spin %a and £ combine to give
Jc:

Jc = | ¥ -'==Sa 5 %eee 5, b+ 8.

For each %a and £ combination, the percentage of Jc is determined by the
statistical weight, Z'Jc + 1., For exaﬁple; where £ equsls 5, theJc

percentages are given as shown below,

Jc‘ foeg 41 b I,

13/2 Alh' 1?92%
11/2 .iz - i665%
9/ 10 137

7/2 8 1104

i
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‘Table VIII showé‘the‘calculations'of the percentage .of Jc formed -

by alpha particles of various £ values, -

Table VIII
Percent of J_ formed by vectaridl addition of Ziﬁéiges to

-

the entrance-channel spin

o )

Jo 2J.41 9 8 -1 6 _5 | L “ 3 12 1 0

21/2 22 .0.002

19/2 .20 0,002 0,02

17/2 18 .0.002 .0,02 0,11

15/2 .16 0,001 .0,01 0,093 0.53

13/2  1b - 0,01 0,082 0.4 1.92
11/2 12 ©_ 0.070 0,50 1.65 4,90 .
9/2 10 0.33 1.37 4.08 8.4k
/2 8 , ' 1,10 3.26 6.75 10,6
5/2 6 | | 2.45 5,05 T7.95' 9.95
32 b | 3.37 :5.30 6.65 T.30
S V- R 2.65 3.32

.t v

Table IX shows the pefcentage of Jc formed by even £ in %he
second column and the percentagé of Jc formed by odd £ in the third column,

Table IX
Percentage .of Jc formeaAby even and odd £ ——fihl (10 Mev a,n) Schh
I, A % J, from even 4 % J, from odd ¢ B
21/2 , - ST _ 0,002%
19/2 0.02% ‘ 0.002%
17/2 ' © 0 0.02% 0.11%
15/2 ‘ o 0.54% ' o 0.094%
13/2 0.47% 2.,00%
11/2 5,30% 1.72%
9/2 | . 4,419 ‘ 9.81%
/2 | 13.9% | 7.85%
5/2 10, 40% - 15,00%
3/2 - 12.60% ‘ 10,01%

1/2 2.65% 3.32%
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Cameren62.compared his formila for nuclear-level spaeing with
experimental observations up to about J =9 and concluded that,to a good
approximation, the nuclear-level spacing was inversely proportional to
(2.7 + 1). < .

Since the bindlng energy of an alpha particle in the .compound
nucleus, Scll'5 1s 8.0 Mev and E, 15 9.1 Mev, the excitation energy of
the compound nucleus is 17.1 Mev° Since the binding energy of a nreutron
in the compound nucleus Scl'"5 is 11,3 Mev, the maximum kinetic‘energy
availoble to the emitted neutron is 5.8 Mev Since the binding energy
of a neutron in-Schh-is 9.7 Mev, the reaction K (a ?n)Sc can not
occur,

209 with 35-Mev helium

_ Donovan, Harvey, and Watde63 bombarded Bi
.ions over an energy ruuge of T or S.Mev,'uThey uced a-nuclEar temperature
© of 1.k Mev, Their calculation sgreed with the experimental yields when
aAconstant nuclear temperature over several neutron evaporations was as-
sumed in a eimpie evaporation theory. “The reactions studled were (at,2n),
(2,3n), and (a,4n). Recoil ranges were measured to check the compound-
nucleus model; Far the:QJ,Zn)reacti@nthe‘cdnpoundenucleus model is appli-
cable up to. 7 Mev,abevewthreshold,'for the (a;3n) reaction -the compound-
nucleus model holds at leest to 18 Mev above threshold and perhaps at
higher energies, end for the (a,hn) reaction the compoundanucleus model
was checked at low energies Chastelsh obtained a nuclear temperature
© of 1,0 Mev for a 10-Mev excitation energy of the residual nucleus in
a Cu(r,p)Ni reaction, In the calculations for the K (a n)Sc‘h reaction,
the nuclear temperature © was assumed to be 1,k4 Mevi The average energy

. of the emitted neutron is twice -the nuclear temperature or 2,8 Mev

, Transmission coefficients Tz(a) for neutronzqare taken from

Feld, Feshbécli, Goldberger, Goldstein, and Weisskopt. =~ The foliowing

constants were calculated for use with the graphs for-T,:

R =1.5473 25,31
X =K R = 5.34 x 1053;

(o]
X = ozzram = 0.22'x 5.3 V2.8 =

The values of T for different £ for 2.8-Mev neutrons are:



-53-

y) | Tﬁ
0 0.775
1 0.700
2 0,455
3 0.130
The formula L )
o = (22 +1) n XEm
e, S £

was used to calculate the .cross sectlon for emission of neutrons of dif-
ferent £ values, | | -

Tabl;:X glves the'percentage of different £ valugs of thé,emit-
ted neutrons in the third column, The second column gives o, in units

of n*K?, The law of conservation of parity, which operates. 1ike the

- Table X

Percentage of £ values of emitted neutrons

z' A | % £ % £ if 4 odd % £ if 4 even
0 0.775 12.8 X .. 25,k

1 2.10 34.6 69.8 . -

2 2.28 37.6 : ' 4.6

3 .

10,910 15.0 30.2

multiplication of positive and negative signs, 1s applied to the reaction
Khl( hh.‘ The parity of Kh}wis even, and the intrinsic parities of

helium jons, neutrons, and protons are even. Since the shell model of the

a,n)Sc

nucleus shows that states having between twenty and forty particles have
odd parity, the assumption is made that for several Mev above -the ground
state the parity of the Qdd_oda nucleus Schh 1s even, In order to conserve
parity, the £ values of the neutron must be odd if the £ value of the
helium ion was odd, and the £ value of the neutron must be even if the £

value of the hellum ion was even, Therefore, in combining the odd £
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values of the<emitted.neutfon with,JC formed by‘an odd £ value of the
helium ion, the percentages of different £ values of the neutron are
taken from the fourth column of Teble X, Similarly the fifth column
of Table X gives the percentages of £ for neutrons when the helium ion
had even values of £,

The spin states in a nuclear reaction, A(a,c)C,. are given as

follows: ' 4 _

(A+8) —> B —=> (C+ec)

(I +i) +z =J, = xzf.+(.12 + 1)

Sy ﬁi = Jc = £f + OB';
Here B 1s the compound nucleus, 4; end Eflare £ values of a.and ¢ respec-
tively, Il and Iz‘are spins of A and B respectively, il and . 1z are intrin-

sle spins of a and ¢ respectively, S is entrance-channel spin, and é is
exit-channel spin, Table XTI shows the combination of Z the £ value of
the emitfed neutron, with Jc’ the angular momentum of the compound nucleus,
B’ the exit-channel spin, The first column of Table XI gives the

percent of,Jc formed by a helium lon with an even £ value, the second

to give S

‘column gives the percent of Jc formed by a helium ion with an odd £ value, -
f,.1:,he fifth column
gilves the percent of J with this specific combination of £i~and Ef, the
sixth column gives the SB values which result from thig combination of

the third column gives,Jc, the fourth column gives £

Z and J the seventh column gives the percentages of S

their statistlcal weights, 2 SB + 1.

Table XII gives the total pem_en.tageé of 8

A determined by

B as they were added

up .from the.preceding table. The exit-channel spin_SB is a'combinatiop
of the intrinsic neutron spin of 1/Z and the angular momentum of the

~residual nucleuu 12. The third column gives I from the formula., IZ‘=
SB %-1/2, The fourth column gives ‘the percent of I determined by its
statistical weight- (2.12 + 1), The fifth and sixth columns sum up -the
results of these calculations to give the spins of the residual nucleus

at an excitation energy of 3,0 Mev.
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Table XI
Methods Qf/the mathemﬁlfical calculation
: : . Khl(lO-Mev -a,(r%l’)Sc " reaction :
b J_.if % J_ if ' 2
£, &ven zi de' 'Jc z,f combination- Sﬁ % ’SB
0.002 2l/2 - 1 0.001k 23/2 0.0005
. - 21/2 0.0005
o 19/2 0.0004
3 0.0006 negligible
0.02 0.002 19/2 1. 0.001Y 21/2 0.0005
‘ 19/2  0.0005
17/2  .0.0004
3 0.0006 . negligible
0 0.005 19/2 0.005
2 ..0.015 23/2  0.00k
21/2  0.003
. 19/2  .0.003
17/2 0.003
15/2  0.002
0.02 .0.11 17/2 0O 0.005 17/2 0.005
2 0.015 21/2 0.00k
19/2 0.003
17/2  .0.003
15/2 0.003
. 13/2 0.002
1 0.077 - 19/2 0.029
17/2 0.026
. 15/2  .0.023
3 0.033 23/2 0.0063
21/2  .0.0058
19/2 0.0052
17/2 0.00L4T
15/2 0.0042
13/2 0.0037
11/2 0.0010
0.5k 0.094 15/2 0 0.1k 15/2 0.1k
0.5k 0.094 A5/2 2 0.%0 19/2  0.10
' . 17/2 0.090
15/2  0.080
13/2 0.070
11/2  0.060
1. 0.066 17/2  0.025
15/2 0.022
N 13/2

0.019
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Table XI (cont'd.)

% J_ if % J_ if % 4
2. &ven £, 6aa ' J Ly combination S % S
i i c - B B
3 0.028 21/2 0.0055
19/2 0.0050
17/2 0.0045
15/2 0.0040
13/2°  0.0035
; 11/2  0.0030
9/2 0.0025
0.47 2.00. 13/2 .- 0 - - 0.12 13/2 . 0.12
' 2 0.35 17/2 - 0.090
: 15/2 . 0.080
13/2  0.070
11/2-  0.060
. 9/2 0.050
1 1.4 15/2 0,53
13/2 00T
11/2 0.40
3 0.60 19/2 0.12
17/2  0.11
15/2 0.10
13/2 0.086
11/2 0.07h4
.9/2 0.061
T/2 0.049
5430 1.72 S 11/2 o 1.35 11/2 1.35
" 2 5.96 15/2 1.06
13/2 0.925
11/2 0.793
9/2 0.661
/2 0.527
1 1.20 13/2 0. 466
11/2 0.400
9/2  0.333
3 0.520 17/2 0,111
15/2  .0.0990
13/2  0.0866
11/2  0.074k
9/2 0.0619 -
1/2 0.0495
5/2  0.0372
hoh1 9.81 9/2 0 1.12 9/2  1l.12
2. 3.30 13/2 0.924
11/2  .0.793
9/2  0.660
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%—Jc if % J_if %4
4, &ven L 8daa Jc 2, combination "SB % SB
7/2 0.529
5/2 0,396
1 6.85 11/2 2. Th
9/2  2.28
7/2 1.82
-3 2.96 15/2 0.676
. 13/2 0,593
11/2  0.508
9/2  0.k2k
7/2°  .0.338
5/2 0.25k
b1 9.8 9/2 3 2.96 3/2 0.169
13.9 7.85 /2 0 3.53 7/2  3.53
2 10.4 11/2.  3.12
9/2 2.60
/2 2,08
5/2 1.56
3/2 1.0k
1 5.48 9/2 2.28
, /2  1.83
, 5/2  1.37
3 2.37 13/2  0.593
11/2 0.508
9/2  0.hah
7/2  0.338
5/2 0.25k
3/2 0.170
1/2 0,085
10.4 15.0 5/2 0 2,64 5/2 2.6k
2 7.76 9/2 2.58
“tfe 2.07
5/2  1.55
3/2 1.04
1/2  0.518
1 10.5 7/2 4.66
5/2 3.50
3/2  2.33
3 4,53 11/2 1.30
9/2  1.08
7/2 0.863
5/2 0.646
3/2 0.431
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Table XI (contld.)

%.Jc if

.%'Jc if

)
£ even - £, 0dd  J L combinations SB % SB .
10.4 15.0 5/2 3 4.53 1/2 0.216
12.6 - 10.0 3/2 0 3.20 3/2 3.20
2 9.4 7/2 3.76
5/2 2.82
~3/2 1.88
o 1/2 0.941
1 6.99 5/2 3.49
' 3/2 2,32
‘ 1/2 1.16
3 3.02° 9/2  1.08
7/2  0.863
.5/2 0,647
3/2 0.431
2.65 ° 3.32 L/e U 0. 87k 1/z 0.67h
2 1.98 5/2 1.19
3/2 0.793
1 2,32 - 3/2  1.55
1/2 0.774
3 1.00 7/2 0.571
5/2 0,429
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Table XII

Derivation of the percent of‘I2 .values
for . the Khl(lO-Mev' a,n)Sc ik reaction
5 % Sg I . kI, L, kI
23/2 0.0l 212 0.006 12 ~.0.006
| - 1 0,005 11 0.015
21/2  0.019 1 0.010 10 0.151
o 10 0.009 9 0.379
19/2 ~0.271 10 0,142 8 1.72
L 9 0.129 7 3.69
- 17/2 0.473 ‘9 0,250 6 8.66 ¢
| S 8 0.223. 5 14,23
15/2 2.82" 8. '1.50 L 20,5
- 7 1.32 3 22.6 .
13/2- 4.43 7 2.37 2 18.26
6 2.06 1 9.03
11/2 12,18 6 6.60 0 1.09
| "5 5.59
9/ 15.70 5 8.64
K b 7,06
7/2 4 ‘23988 4 13.h
| 3 10.5
5/2 20..78 3 12,1
| 2 8.66
3/2 15.35 2 9.60
| ‘ 1 T 5.75
1/2 4.37 1 - 3.28
0 1.09
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By means of gemma cascades, the re51dual nucleus goes to the
final products, Schll‘tm (=17 or 6) and Sch% (I =3o0r2), It.is assumed
A_that all the I values greater than 7 or. 6 decay to T or 6 and that all
I2 values less than 3 or 2 decay to 3 or 2, I2 values within.one unit
of an isomer spin are assumed to go to that .isomer. The spin state mid-
~ way between the two isomers is divided between the isomers on the basis
‘of their statistical weights,

With the assumption that the spin of Sclw‘m is 7 and the spin
of Scuu is 3, one Pinds that the ratio of the cross section for the
metastable state, 0,0 to the .cross section for the grozﬁz state, og, is

om/og = 0,32, Wlth the assumption that the spin of Sc is 6 and the
spin of Sec is 2 one finds that the cross sectlon ratio is O'm/og =
'0.77. These ratios of g /0 .are.. for the K (10=MEV Q,n) Scm'L reaction,
and the experimenial yleld luLlU, Su /Op , for this rceetion io 0.3,
Sc%(a,a'n)ScMl Calculation

In a similar way a compoundwnucleus model was used to calcu-
late o /o for the reaction Sc 5(Ot an)Schh at 0.4 Mev sbove the thresh-
old. The Q value for the Schs(a an)ScML and the Schs(p,pn)Sc b reactions
is 11.3 Mev, which is the thréshold<1n the centersof-mass system, In

order to maeke it probeble that the two emitted particles will get out of
the nucleus, the entrance-channel energy B, is taken to be 0.4 Mev abéve

the Q value, Therefore, E is 11.7 Mev in the calculations on both the
reactions, ScuE(a,an)Scuh and Schs(p,pn-)Sclm°
‘With the use of Vd/B =.0.5, g = 8, and X = 1,0, one findé'the

following transmission coefficients Tz for helium ions from Feshbach,

Shapiro, and Weisskopfk.61

v T, ) ' T,

0 0,655 6 " 0,0506

1 ' 0.623 7 0.0149

2 0,550 8 3.08 x 1073

3 0.435 9 5.12 x 107% \
L 0,285 10 7.05 x 1077

5 0,143
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Since the spin of ,Sc)'}5

. is 7/2-, the entrance-channel spin S,
is 7[2-;‘
o ‘Thelformula'
2

o (@) =(24+1)xaN'T ()
c ] y/

4
was used -to calculate the cross section for compound=-nucleus formation
by alpha particles of various £ values, and Teble XIII shows the results

of these csaslculations, The angular momentum of a compound nucleus is

I, = ‘ £=-8, | syl 48, /
Table, XIII

Findiﬁge from mathematical calculations for the Schs(a,an)Schh reaction
£ a, (a) e Iq
. e,

0 0.655 4.8 /2 . .
l 1.87 © 13.9 9/2, 7/2; 5/2

2 2,75 20.5 11/2, 9/2? 7/2, 5/2, 3/2 :

3 3,05 22.8 13/2, 11/2, 9/2, /2, 5/2, 3/2, 1/2

L2577 19.2 15/2, 13/2, 11/2, 9/2, T/2, 5/2, 3/2, 1/2

5 1,57 1.7 17/2, 15/2, 13/2, 11/2, 9/2, /2, 5/2, 3/2

6 : 0,658 4,90 19/2,,17/2,’15/2, 13/2, 11/2, 9/2, 7/25; 5/2

7 o0.22k 1,67  2l/z, 19/2, 17/2, 15/2, 13/2, 11/2, 9/2, T/2
8 0.0524 0,391 23/2, 21/2, 19/2, 17/2,,15/£, 13/2, 11/2, 9/2.
9 0,00975 .0.0726 25/2, 23/2, 21/2, 19/2, 17/2, 15/2, 13/2, 11/2

10 Q,oo;hs 0.0110 . 27/2, 25/2, 23/2, 21/2, 19/2, 17/2, 15/2, 13/2

Each Sa and £ combination forms Jc values proportional to their statisti-
cal weights;-Z.Jc + 1, Table XIV shows the percentage Jc formed by alpha
particles of both even and odd £ values,

Compound nuclei formed just above the energetic threshold with
odd parity will be less likely than those with even parlty to form (o,omn)

and (p,pn) products for the following reasons:

'
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- Table XIV °
Percentage Jc formed by even and odd Z-vzanlues-u-ch]"Ls(OL,CJtn-)Scm+

Jc even £ , odd £
27/2 : 0,00183 : LED e
25/2 _ . ~0,00170 » - 0,012k
23/2 . 0,0706 . .0,0115
21/2 0,064 0.317
19/2 1,002 . 0,288
17/ 0,901 2,66
15/2 5.06 : 2.36
13/2 | R _ T.77
n/E. 9.95 6.67
9/2 8.29 11.33
/2 11.51 9,07
5/2 4. 96 . 6.72
3/2 3,12 - ' 2,16
1/2 0,533 | . 0.815

(a) Since .the shell model of the nucleus shoﬁs that states hav-
ing between 20 and 40 particles have .0dd parity, the assumption 1s made
that for several Mev above the ground etate.the parity of the odd-odd

L)
nucleus Sc is even, .

(b) The assumption is made that the (Q,on) reaction is more
likely to occur when only s-wave particles are emitted from the compound
. nucleus. If these assumptions gre made, the parities - in the reaction

are shown as follows:

45 bl
Sc + O —> Sc + O+ n
odd odd . even evern

In the calculations, it was assumed that the incoming helium ions which

produced the (a,Qn) reaction had odd parity.
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J equals the’ combination of the sum of the z values of the
.emitted partlcles and the exit-channel spin S,; that 1s,

B”.
Jc= f“’sB ‘.’ soe -e +SB,

Since zf is zero, the angular momentum of the GOmpound nucleus J equals
the exit-channel spin SB " The exit=channel spin Sf3 ds a combination of
the spin of the residual nucleus I and ‘the intrinsic spins of the emit-
tedlparticles, that is, I = SB-_ l/.2° Table XV shows the ‘calculations
of the spins of the residual nucleus I

I With. the assumption of I =179 for Scm‘m and I =3 for Schh, one
flnds that the cross—section retio o /o for isomer formation is ¢ /o =
0. 87 With the assumption of I = 6 for Sch“hm and I = 2 for Sc ‘5 one

finds that o /o 1s 2,0,
. m g

Schsgélgn)SchL Calculation
In a similar way a compound-nucleus model was used to calculate

o /c for the Sc 5(p,pn)SclFlL reaction at 0,4 Mev above .the threshold,
The constants calculated for use with the tables of Feshbach:, Shapiro,

and WeiSskopf6 for the transmission coefficients for the incoming proton
ares VO/B =3.6, g==3, and X = 2,06, Since the tables give T, for X

values from 0.2 to 1.8, the transmission coefficients T, for X values of

1.8 .were used as shown below:

L T,

0,800 .
0.765
0.660
0,457
0,195
0.0482
.0,00571
0,000635

<N OV & WM HO
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Table

XV

Derivation of the percent of I_. values for

the_Schs(gbdm)Sc

L

2

reaction
fsﬁf % Sa o7 I *1, Iz n£9§21
25/2 0.0248 13 0.0129 13 .0.0129
o 12 o.ou9 12 0.0239
23/2 0.0230 12 0.0120 11 .0.343
11 0.0110 10 0,605
21/2 0.634% 1 0,332 9 3.08
| 10 .0.302 8 5.03
- 19/2 0.576 10 0.303 e 10.55
| 9 0.274 6 1401
17/a 5.32 9 2.81 5 18.6
| 8 2,52 4 20. k4
15/2 ho72 8 2,51 3 1579
7 2.22 2 8,30
©13/2 15.54% 7 8.33 1 2,84
’ ' 6 7.17 o) 0.408
11/2 13.34 6 7.24
- 5 6.11
9/2 22,66 5 12.5
b 10.2
/2 18.1h 4 10.2
. 3 T-94
5/2 13. 44 3 7-85
2 5.60
3/2 L.32 2 2,70
1 1.62
1/2 1.63 1 Cl.z2
0 0.408
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The formula o
o (@) = (224 +1) n&z T, (a)
c y/
£ :
was used to calculate the cross section for compoﬁnd-nﬁcleus formation
by protons .of various £ values, and Table XVI shows .the results of these

calculations.,

Teble XVI

Per cent £ velues in the formation of the compound nucleus in
the Schs(p,pn)Sclm

reaction

Y ccﬁ(a) | % 4

o 0.800 . 6.68

1 2.30 | 19,2

2, 3,30 27.6
3 3.20 | 26.8

4 1.76 ‘ 14,7

E 0.530 1,13

6 0.0743 0.620
T '~ 0,00953 0,079

The entrance-channel spins are S, =T/2.+#1/2 = 4 or 3, which ”ﬁ
are present in proportlon to their statistical weights, 2 S + 1, there-~
fore the entrance-channel spins of 4 and 3 comprise 56,2% and 43, 7% re=
spectively of the entrance channel,

As 1In the Schs(a,an)Sc b reaction, the £ value of the incoming

proton must be odd in the Sc 5(p,pn)Sclm reaction, Table XVII shows the

percentages of J formed by the different combinations of S and £,

From each combination of S end £, "the percentages of J are
proportional to their statistical weights, 2d, + 1, Since the.emitted
proton and neutron are s-wave, the angular momentum of the compound

nucleus Jé equals the exit-channel spin S The spins of the emltted

BD
proton and neutron may add up to 1 or cancel to O, The calculatlons for

the spin 12 of the residual nucleus are shown in Tsble XVIII, From each
7 : _
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Table XVII

Findings from ‘mathematical calculations’ for the Sc s(p,pn)Schh reaction

S, £ % d, formed Iy

o
1 16.6 35 4,05

3 1 21,4 2, 3, 4

b3 29,9 1, 2, 3, 4% 5, 6, 7

3 3 232 0, 1, 2, 3, 4 5, 6

b5 Loy 1, 2, 3, % 5,6, 7, 8 9

3 5 3.0‘8)4' 27 39 ll'? 59 6’ 75' 8 '

¥ 70,0887 3, % 5, 6, 7, 8 9, 10, 11

3 T 0,069 b, 5, 6, 7, 8, 9, 10

value of S the percentages of 1 aré,determinedrby thelr slullstical.

B’ 2
weights .2 I + 1., The total percentages of the spin<Iz.of the residual

nucleus.are also given in Tsble XVIII,

The isomer ratio o /U is calculated as 1% was for the
' ,'I'S(Ot},ozn)Scl'J+ reaction, For SCM‘m (I =17) and §cML (T = 3), Oﬁ/og
- 0.73, and for S¢*™ (I = 6) and sc™ (I = 2) ), o [oy = 1.T6. 8

In bombejdments of 31209

range of 7 or 8 Mev, Donovan, Harvey, and~Wade63.found by measuring

with 35-Mev hellum ions over an energy

recoll ranges and angular distributions. that the compound-nucleus model
holds for energies up to T Mev and -18 MEv'above threshold for -the (a,Zn)
and (0,3n) reactions respectively, The trend of these figures indicates
that an (o;n) reaction would not go by a éompound-nucleus ‘mechanism at
energies of more than a few Mev above. threshold, ~ Therefore, the Khl
* (10-Mev a,n) Schh.reaction, which is 5.8 Mev above threshold, may not
proeeéd by a campound-nucleus mechanism, 'Consequently, the agreement
between the experimental c /o value -of 0.3 and the calculated o /o of

0.3 for the K (lO-Mev o,n )Sc & reaction may be aceidental, Similarly
the SC%S(ZOPMEV a,n)Schk.reaction, which is- 8 Mev gbove threshold, may
not probeed'by a compound nucleus méchanism;

Table XIX summarizes the results of the compound-nucleus calcu-

lations. A
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Table XVIII
Derivat:.on .of the percent of I2 values for
) o the Sc 5(p pn)Sch% reaction
. SB . T% :S I, ‘% I
11 ' 0.0151 12 0. oosh7
' : ; : 11 0.0050%
.10 ' 0.00459
10 . 0.0276 : 11 0.0101
’ .10 .0,00920
9 .0,00832
9 . - 0.973 10 0.358
9 0.32h4
- 8 0.290
8 1.718 9 0,640 -
: 8 0.573
T 0.505
7 8.75 8 3.31
_— 7 2.92
6 2.53
6 : 13.72 7" 5,28 o
| 6 4.58 Total
o . 2 3.87 I % I
5 " 18.37 6 T.24 12 0.0054T7
5 6.12 11  0.0151
L 5,00 10 0.372
, 9 0.972
4 24,22 5 9.85 8 L.17
. N 8.06 7 871
3 6.26 6 1k.35
’ ©.75..19.84
3 18.84 4 8.07 'k 21.13
- | 3 6,29 3 I7739
2 4. 49 2 9.35
1 3 27 -
2 © 10.37 3 4,84 0" o 399
‘ 2 3.45
‘ 1 2.07
;;L ' 2'53 2 . lg)'l'l
) 1 0.843
A 0 0.281
o .0.473 1 0.354
' 0 0,118
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. Table XIX .

Results of compound~nucleus -calculations

. Entrance- Isomer - Calculated Experimental
channel - spins o Jo_ . o /o
Reaction _ energy ‘ ‘ o g.~ m g
Kl‘l(a,n)scl"l" - 9. Ts3 0,32 0.3
. L 6,2 0,77
8¢ (a,an)sc ™ 11.7 7,3 0,87 s
- 6,2 2.0
by , ~ . : .
s¢'?(p,pn)sc " 11.7 7,3 0.73 0.52
6,2 1,76

B. Qualitative Remarke

[4

Table XX summarizes the experimental data on the yield rallu

of Sch'lHn to Sclm°

Table XX
Yield ratio Scm{m/Sclm reported by various experimenters
4 , ‘ | ‘ - Projectile S.hhm/s by
Author : Reaction energy ¢ ¢
: (Mev)
J. W. Meadows, sc®(p,pn)sct 13 0.52
R. M, Diamong, and
R. A, Sharpl : 20 0.55
60 to 100 0.1
This work ‘Schs(a,an)Schh 20 1,7I
25 to 43 - 1.4
. ; 320 0.62
: K:l'“l(a,n)scMF o 10 o 0,3
43 . 0.9
9 o R
Boehm”. : Czam*(p,n)&:m‘L | 6.7 - 0,077
66 : " .
Vinogradov : _ _ Proton "fission" 480 - 0.77

of copper
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Since Tihh, the parent of Schu, has a half 1life of 1000 years,30

the scandium isomers of mass i are effectively shielded; therefore, the
measured yields of Schhm and.»Sc‘ML from fission are the independent ylelds,
which are formed directly from fission and not from a beta-decay chain,

In the experimental procedures of Meadows, Dismond, a_ndSharp,flIL

any Sch3, which might have been present from an Schs(p,pZQ)Sch3
was counted as Sclm'° If an appreciable amount of Sch'3
measured Scmm/SchlL ratio from the (p,pn) reaction would be smaller than
it should be, The threshold for the'SCAS(p,pzn)Sch3 reaction is 21.4 Mev,
It is assumed that the s.cl*5(‘oz,om)sc;:l‘)+ reaction in the 20= to

L3-Mev energy range does not go by tﬁé'compoundnnucleus mechanism for the
following reasons, The Coulomb barrier for the helium ion is about 9.1
Mev, and the binding energy of the neutron in Sch5 is 11,3'-M.ev° There-

fore, at a projectile energy of 20 Mev a helium ion and a neutron will

reaction,

was pfesent,.the

not be evaporaied from a compound nucleus, Since the experimental isomer
ratios are 1.7 at 20 Mev and 1.4 in the 25= to #3~Mev energy range,: these
similar ratios indicate that the mechenism at 43 Mev is the seme as. that
at 20 Mev, -Therefore; these energetic considerations indicate that &
compound-nucleus mechanism which evaporates a helium ion does not occur
in the 20- to 43-Mev. energy range for the Sc-hs(oz,an)ScML resction, Further
reactions which could give .the Sc isomers- gre:
5(a 2p3n)Scuh ‘
chs(aydPZn)ScLh,
s.:'lLS (a, 2dn)ScM’,
(a tpn)Schh, and
(a td)ScM’,

with thresholds of 43, 41, 38, 3%, and 32 Mev respectively, The constancy
‘of the experimental lsomer ratio in the 25- to 43-Mev energy ranges ex-=
cludes‘the:contribution of these. reactions above their thresholds.

The large yield of the (x,an) reaction: on U238 in the 25= to
h5=MEv energy range was attributed to 8 knotk~on mechanism and not to a
compound-nucleus mechanism by Vandenbosch Thomas, Vandenbosch, Glass,
and Sea‘borg.20 They used a cqmpoundanucleus model to calculate the cross
sections for the (a,n), (@,2n), (@,3n), and {(a,kn) reactions on u?33 ang



U235, and the experimental.cross'sections,measured radiochemically for

" the (a,2n), (@,3n), and (@,4n) reactions agreed with-their calculations,
However, the experimental cross sections for the.(a,n) reaction did not

agree with their calculations, They assumed a direct-interaction mech-

anism for the (a,n), (a,p), and (a,t) reactions, However, with these

- fissionable nuciei, the reactions which involve compound-nucleus formsa-

tion are 1argely eliminated by fission competition., In a nonfissionsable
nucleus like Scus, the prominent compound-nucleus. reactions usually mask
out any small amounts of direct-interaction reactions.,

In bombardments of B1207
range of T or 8«Mev,,Donqvan, Harvey, and-Wade63 found by measuring recoil
ranges and angular aistributions that the cempound-nucleus model holds for
energies up to 7 Mev and 18 Mev ahave threshold for the (a,2n) and (a,3n)

with 35-Mev helium ions over an energy

reactions respectively, - The trend of these figures indicates that s
(a,n) reaction would not go by a .compéound-=nucleus mechanism at energies
of more than a few Mev above threshold, Therefore; the K (lOmMev o n)
achh reaction, which is 5.8 Mev gbove threshold, may procede by a ‘knock-

i

on mechanism, At a helium-ion energy of 43 Mev; the Khléa n)ScMF re-
‘action certainly goes by a knock=-on mechanism rather than a compound—
nucleus ‘mechanism, Similarly, the Sc 5(ZO»-Mev o an)Schu, which is 8 Mev
" above threshold, would not be expected to proceed by a compoundwnucleus
mechenism, The similarity of the isomer ratios in the.zo— to 43=Mev
energy range show that the Scus(a,an)Schh reaetion at projectile energles
of 20 Mev and asbove proceeds by a. knock-on mechanism°

4 MEadows,{Dimnond, and Shai'pllL aﬁtributed.the constancy of the
Sclmm/Sc)+l+ ratio from the Schs(p,pn)Scll'lL feaction at higher energies to
the onset of a knock-on mechanism. rThey obtained a.similar coﬁstancy in

80 58

the isomer ratios of Br and Co at higher energies, and also explained
.this constancy by the onset of a knock-on mechanism, Their calculations
of the isomer ratio by means of a compound-nucleus model gave rapidly
increasing isomer ratios with increa31ng energy. The results of their
calculations for the Sc 5(];>,pn)ScLm reaction are:

Projectile energy (Mev) 11 11 20 20

Isomer spins’ 7,3 6,2 . 7,3 6,2

Calculsated om/og 0,8' 17 12 2.6
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Since.the;compoundwhucleus calculation glves. an isomer ratlo of 1.2 at
.20 Mev, in disagreement with the experimental ratio of 0.55, it 1s un=-
likely that the reaction goes by a compound-nucleus mechanism., A knock-
on mechanism is also indicated by the trend of the results of Donovan,
-Hérvey, and<Wade,63 With the possible exception of a projectile energy
of just above .threshold, the Schs(p,pn)Scuh reaction goes by a knock-on
mechanism,. The small difference .in the Sc /Sc ratio between 13 Mev,
which is just above threshold, arid 20 Mev indicates that the Sc 5(p,pn)
Sehh goes by a knock-on mechanism at all the energies at which the isomer
ratio was measured, ‘

. The Schs(p,pn)Schh and Schs(a,om)ScM reactions can proceed by
either of the following two knock-on mechanisms: (a) the charged parti-
cle strikes a neutron and both particles go out; (b) the charged particle
hits a neutron and only one of -the .two particles. escapes directly; the
other perticle is captured to form a‘COﬁpound nucleus which boils off
" another particle to form the final nucleus, Because of the Coulomb bar-
rier for the alpha particle, 1t 1s more :likely in the latter mechanism
that the alpha particle 1s lunelastically scattered and the neutron is
boiled off _from“the,compoundAnuel_eus° A knock=on calculation for the

former mechanism is done below.

c. K.no‘ck—on. Calculation

This calculation is for a Schs(p,pn)ScLLLL or Schs(a

action in which the charged particle strikes a neutron and both parti-

,Otn)ScML re-

cles go out, This is a classical calculation, In order for the wave
length of the projectile to be smali enough to enable the projectile to
interaet_elassically with only'one.nucleon, the energy of therprojectile
nmust bée high, 'Gold‘berger67 assumed that the interaction of_90-Mev neu=
trons with the nucleus was classical in the sense that the particles had
a definite trajectory, because for a 90-Mev neutroh the wave length
divided by 2n was only 1/18 the nuclesr radius,‘ .

The binding energy of the least bound. particle in the nucleus
of Schh is the.6°87-Mev binding energy of a proton, The Geulomb barrier
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for the proton is;Vi =0,7.V=0,7 x 5,60 =W3;92.M€V.68 . The addition of

the proton binding energy and the Coulomb barrier gives a total of 10,8-
Mev excitation needed to eject a proton from the Schk,nucleus, but the
‘binding energy of a neutron in Scyh is only 9.86 Mev, Therefore, the
energy level of all neutrons knocked out of thfe.nucleus‘ofSchs in a
knockmon‘reaétidn must be not lower then 9.86 Mev from the top level in
S_hh which has particles in it, The energy—level scheme ‘in the potential
well of the nucleus was taken from Ross, Mark and Lawson,69 The neutrons
- in the 1 f7 /27 h| 133 Je? and 2 8ty levels are certainly avallable to be
knocked out in a knock-on reaction, and the availasbility of neutrons in

- the 1 d

5/2 level is questionable,

A calculation for a knock-on reactiom, Sc 5(p,pn)Sch'h or
5(u au)Sth 4s now made. with the assumption that the neutrone in the

1 f7/2, 1 d3/2’ and 2 s levels have .equal probsbilities of being knocked

out,  The spin of the kiégked-out neutron adds vectoriaslly with the 7/2
spin of the Schs
is .assumed to gamma-cascade to the isomer products of Sc)"'hm (spin of T or
6) and Schh (spin of 3 or 2)., Teble XXI shows the combination of neutron

and target spins to give the spin Iz‘of the residual nucleus.

target to give -the spin Iz.of the residual nucleus, which

Table XXI

Vector addition of neutron and target .spins
to give spin Iz~of residual nucleus

Number of gpin of ' 'IZ ‘ Percentage of
neutrons ) neutron this combination
b - T7/? 7651+3,4,, 40%
L ) . 3/2 . 5))4';3:2' )-I-O%
2 1/2 W3 ST 20

':The<Ié.spin values are formed in pfoportion to their statistical weights,

212 + 1, The perbentages)xdf4Ié;are.shown below:



9.38
8.13
20,7
28,2 .

21.9

9.37
. 1.87
b : 0.63

'OH[‘\)‘U)#‘\H"O\-Q

.These spin states gammaicascade td the isomef ‘nearer ”in spin, and the

,Iz
Ydym

portion to their statistical weights, If the spins of Sc and Sc

Ykt B

are 7 and 3 respectively, the cross=-section ratio of Sc to Sc
0,46, and, if the spins of Schhm'and Sch'h are 6 and 2 respectively, the
ratio of Sc /Sc is,l,u, o o

A similar calculation for the same-knoekaon reaction is made
~with the additional ‘agsumption that the six neutrons in the 1 d5/2 level
.are also equally.available for a knock-on reaction, Table XXII shows the

combinatlion of neutron end target spins to give the spin I, of the

spin midway between the isomer spins goe$ to both ‘isomers in pro=

Ly

2
residual nucleus.

- Table XXIT

: Spin I2 from- neutron end target Spins

Number of Spin of Percent of I,
neutrons - neutron neutrons _
N 72 | 25.0% T,65554,3,2,1,0
P 3/z2 25 ,0% 554,352
2 , 1/2 ‘ 12.5% . ;£,3

‘,6 ‘ ,' 5/2' T~ ;3755% 6}5)%)3y291 '
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The.Iz.spin values gre .formed in proportion to their statlstical weights,
The percentages of I, are: ' o

I, % 1,
7 5.86

6 15.3
5 21,50

p 2k,64
3 19.12
2 9.75
1 3.51
0 n.,3%9

Thpsp spin states gamma-cascade to the isaomer products as in the previous
. caléulation, Lt the 9p1ns ofhiihum anilmScl”+ are T aud 3 respecllvely,

the cross-section ratio of Sc  to Sc is O 56, and if the spins .of
Scm‘m and Sclm are .6 and 2 respectively, the ratio of Sc' /S i 1.5.
The results of these two calculations for the knocknon re-

45( hs(p,pn)Sc h, are summarized below:

Aactions, Sc ,Otn)Scm+ or Sc

' Neutron Tevels: - 2 .8 14

l:f7/é,‘l.d3/2,

' vz T Tge T Osge BBy 5
SchAm/Sckh , - '. .
for spins T, 3 .. 0.k | 0.56
S . L |
for spins 6, 2 ' : C L.k o 1.5

D, Comments on Khock—oniResults

Table XXIII shows ‘both calculated.and experimental isomer
ratios of g /S
It is observed ‘that the calculated iscmer ratio, O. 46 or 0,56,
from the knock-on calculation agrees fairly well with the experimental
isomer ratlo 0.62 for 320-Mev helium ions, The de Broglie wave lengths,
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Table XXIII

H-

ISomer ratios Sc /Sc

—

Projectile  Isomer. cm/dg. -qm/og
Reaction A 'e?§z$¥ spins calculated expefiﬁental
s¢"%(p,pn)sc " 12 7,3 0.73 0.52
6,2 - 1.75 ‘
20 1,3 1.2 1 0.55
: : O 6,2 2,6* -

sc™(a,0m)se ™ | 20" | 1T

| 25-43 1.4

_ 320 0.62
5(p,pn)Schh or 753 0,46 or 0.56
ll5(@6 Otn)Sclm by a 6,2 1.4 or 1.5

. classical knock=-on
mechanism in which .
- both particles go out,

X ' . : . o S . : T
These ratios were calculated by Meadows, Diamond, and Shar‘p,,l5
=h/ 2mE, for vérious,ﬁérticlesfareé
A (fermis) - ©0.80 2,27 6.37
Particle 320-Mev 4o-Mev @@ - 20=Mev p

Since the?de Broglie wave length for 320-Mev helium ions is 0,80 x lO°l3
cm or 0.80 fermig; the 320-Mev helium ion is assumed to be sméil.énough
for the classical knock-on calculation to be valid, However, since the
de BrogliéAwave'lengths for 40-Mev helium. ions and 20-Mev protons gre

2, 27 fermi and 6, 37 fermi réspectively, these low-energy particles are
.too large for the classical knock-on calculation to be valid and a

| quantum—mechanlcal calculation for a direct interaction should be made
by the method that S. T. Butler70 used, Such & quantum-mechanical
caleculation may glve an isomer ratio which is different’ from the classi-
cal knock~on calculation. This direct interaction tekes place on the

surface .of the nucleus.
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Butler points out’ such reactions as (n,p) (p,p ),_(a at),
'(a,p), etc, ‘have as much chance of proceeding dlrectly as does the
deuteron stripping or p1ckup reactlon In addition to quantum-mechanical
calculations for these direct reactions, Butler gi&es'the following semi- .
dlaésical'picture.which shows the qualitative features 6f the angular .
distribuﬁions. .When the projectile has a "grazing collision" in the
surface shell of radius LA the orbital angular momentum A L imparted

to the initia;~§3cl§ys through the surface collision is A L =£1%, which
equals A L = { P X ro! , with p as the linear momentum impurled tu the
nucleus. The £ value adds vectorially with the spin of the nucleus and
theAspins of the incoming and outgoing particles to produce the spins of
the residual nucleus. ’

When both particles have the seame energy, the. helium ion has
twice as much angular momentum for the same .impaclt parameter as the
proton., Therefore, the isomer ratio from the (a,0n) reaction would be
expected to be higher than the isomer ratio from the (p,pn) reaction,

In the 20- to 43-Mev energy range, it is observed that the isomer ratio
from the (Q,an) reaction is about three times the ratio from the (p,pn)
reaction, ' "

It is.likely'that fhe_SchS(b,pn)ScML reaction actually 1s a
Sclksh(p,d)Scm'L pickup reaction. ' '

E, BSummary of Conclusions

- From a literature survey on the exberimental isomer ratios
from fission, the following conclusions afe drawn, There .is .only one
isomer ratio which may be independent of thermal-néutron fission. The
other isomer ratios from:thermal-neutron fission are yields from beta- |
decay chalns In low-energy: flssion below 45 Mev, a lack of independent
‘ isomer ratlou prevents drawing conclusionq abouL the fission process. <
In hlgh-energy fission, the work of Biller?” and of Hicks and Gilbert’
and the results in Table IIT on the Cdll5m/Cd115 ratio support the sug- -
. gestion that high-energy fission is a high anguiarﬂnomentum phenomenon;
however, Jodra and Sugarman' shl 95m/Nb95 ratio does not support this

high-angular-momentun suggestion.
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Table XXIV summarizes the results of the compound-nucleus
calculations,

, - Table XXIV
. Entrance-channel  Isomer 9% /c
Reaction energy spins Calculated Experimental
Kl*l(oc,n)Schh o 9a T, 3 0.32 o,3¢o,1
: T | 6, 2 0,77
Scl‘5(‘oe;ozn')Scl”lL 11.7 T, 3 0.87
- 6, 2 2,0
Scl‘s(pypn)Sc“" 11.7 T5 .3 0.73 0.52
SR 6, 2 1.75

The agreement between the experimental c /0 value of 0.3 and the calcu-
lated cm/crg of 0.3 for the K (lOaMev a n)Sclm reaction may be accidental

‘because the reaction mechanism may be a knock-on or direct-interaction

mechanlsm instead of a compound—nucleus mechenism, It is assumed that
the K (h3=Mev o n)Schh reaction procedes by a knockmon mechanism,

It is concluded that, with the possible exception of a pro- .
Jectile energy Just sbove threshold, the Sc 5(p,pn)Sc)+lL reaction goes by
a knock-on mechanism, It 1is, however, likely that the Sc’ 5(p,pn)Scm+
reaction goes by a knock-on mechanism at all the energies at which the
isomer ratio was measured, .

Tt is assumed that the Sc 5(a an)Schh reaction in the 20- to
h3-Me€ energy renge goes by a direct-interactlon mechanism rather than
a compound-nucleus mechanism

A classical knock-on calculation was made for a Sc 5(p,pn)Scer

or 8045(a Otn)Sclm reaction in which the charged article strikes a neutron
and both particles go out, In this_classicalIcalculation, the energy of
thc projectile. must be high enough for the wave,lengthlto be. small enough
to enablevthe projectile to interact classically with only one nucleon,

The reéults of the .classical knock-on.calculations are shown below:
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h#m/Schh for spins 7 and 3 ..0.51 + 0,05
hhm/Schh for spins 6 and 2 1,42

‘The Sc /Sc ratlo for 7 and 3 oéins agrees fairiy.well wiﬁh,the ex=
perimental isomer ratio 0.62 for 320-Mev helium ions, ond the de Broglie
wegve length for the 320-Mev helium ion is assumed to be small enough for
the classical knoéknon calculation to be valid.

Since the de Broglie wave lengths for 40-Mev helium ions and
20-Mev protons are too large for the classical knockmon calculation to be
valid, a quentum-mechanical calculation for a direct interaction should
be made:by'the method that ButlerYO used., Such a quantum-mechanical
calculation may glve an isomer ratio which io different from the classi=
cal knock-on calculation, Butler points out that such reactions as (n,p),
(p,p* ), (a,at), (a,p), etc, have as much chance of proceeding dlrectly
as does the deuteron stripping or pickup reaction.

When both particles have the same energy, the helium ion has
twice as‘much angular momentum for the ssme impact parasmeter as the pro-
" ton. Therefore,.the isomer ratio from the (a,on) reaction would be exe-
pected to be higher than the isomer ratio from the (p,pn) reaction. In
the 20~ to 43-Mev energy range, it is observed that the isomer ratio 1.5
frbm‘thé}(a on) reaction is about three times the raﬁio 0,5 from the
(p,pn) reaction. | '

It is likely that the S(:hs(p,,pn)S<:’ll'br reaction actually is a
SchS(p,d)Sc pickup reaction,
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