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INDEPENDENT YIELDS OF ISOMERIC PAIRS IN NUCLEAR REACTIONS

Sylvia Mae Bailey

Lawrence Radiatlon Laboratory and Department of Chemistry
University of California, Berkeley, California

April 1959

ABSTRACT
The Ca™1"™ and Cd115 isomers produced in 12- to 340-Mev proton
bombardments of U238vwere isolated by radiochemical methods., The cumu-

nwmnmwwewmmmmalnme%ﬂw

lative yield ratios of Cd
helium-ion fission of uranium, an estimation of the independent-yield
ratio of Pmlu8 (5.3-day) to Pm148

fission of uranium at about 20 Mev, an estimate of the independent-yield

(43~day) was made. In the deuteron

ratio of Nb95m to the total niocbium of mass 95 was made., A literature
survey on experimental isomer ratios from fission was made,

The yield ratio of Sclmm/Sclm
reactions with helium ions of energies between 20 and 43 Mev and at 320

Mev, The Schhm/Schh b

ratio was measured in Khl(a,n)Sc reactions at 10
and 43 Mev,

L

was measured in SchB(a,an)Sc

Yhm

The compound-nucleus model was used to calculate the Sc /ScLm

1 b5 I

ratios produced by the reactions Kul(lObMEV a,n)Sc  and Sc

and Scus(p,pn)Schh at energies 0.4 Mev above threshold. Agreement
between the experimental and calculated Sclmm-/SclLlL ratio was obtained
for the Khl(lO—Mev ot‘,n)Sc)'LIIL reaction,

A classical knock-on model was used to calculate the Sclmm/ScML

45( ik or SchS(p,pn)ScML reaction in which the charged

ratio from a Sc “(a,0n)Sc
particle 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 agssumed to have such a small wave length that
the projectile interacts classically with only one nucleon, '
It is assumed that the Khl(lﬁ—Mev _oz,n)ScML and the Scl‘5(a,an)
ScmL reactions in the 20- to 43-Mev energy rangeioccur by means of a directy-

interaction mechanism,
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INDEPENDENT YIELDS OF ISOMERIC PAIRS
| IN NUCLEAR REACTIONS
Sylvia Mae Bailey
Lawrence Radiation Laboratory and Departmgnt of Chemistry
University of California, Berkeley, California
April 1959

Iqﬁ INTRODUCTION

Nueclear isomers are different energy states of the same iso-
tope, The upper member of the isomeric pair dlffers from an ordlnary
excited state only in that its half life is measurable. These isomeric
paifs usually owe their existence to the large difference in angular
momehtum between the two states, for the isomeric transition between
them is greatly slowed down by the large angulaerdmentum differehcez
In the Mayer Shell Model of the nucleus, isomers occur near the end of
a nuclear shell where:thére are small energy differences and large
angular-momentum differences between states,

Since isomers are different states of the seme isotope, dif-
ferent nuclear reaction and fission mechanisms might be expected to
give different 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 Resactions

Some of the results in the literature on isomer ratios from
nuclear reactions will be reviewed. A literature survey on isomer
ylelds from reactions with thermal neutrons is given by Falrhall 1 and .
Segre tabulated data on isomers from thermal-neutron reactlons from
the work of Seren.3~ Since a thermal neutron has little energy, the
angular momentum, £, of the neutron-target system is zero in thermal-
neutron capture. As the neutron spin is 1/2, the compound nucleus has

a spin differing from the target nucleus by 1/20 The compound nucleus,
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which has the ex01tat10n energy of the neutron binding energy, decays

by gamma-ray emission in many short steps of £ =1 or 2 to the isomer
productso Excited states in the compound nucleus are expected to decay
mainl& to’the isomer with the nearest spin; that is, states of high
angulér momentum decay to states of high angﬁlar momentum and states of
low ahgular momentum decay to states of‘low'angular momentum, .Supportive
evidence for this method of gamma decay in the compound nucleus is found
from the data on isomer ratios from thermal-neutron reactions, With few
exceptions, the isomef ratio is determined by the spins of the target
and product nuclei, so that high and low angular-momentum states in the
compound-nucleus gamma-cascade.té isomers of high and low spins respec-
tively, When the compound nucleus has a spin of 1/2 and goes to'isomgrs
of spin 1/2 or 3/2 and of spin 9/2.or 11/2, the low=-spin isomer has roughly
ten times the cross section of the high-spin isomer, '

Katz, Pease, and.Moodyh measured the cross sections for the
production of Br 0 isomers by a (Y,n)_reaction in the energy range between
llfand_.ZS.Mev° Katz also included a literature survey on the production
of Br8o isomers by nuclear reactions wiﬁh ﬁrdjectile enefgies»below 1k
Mev., Katz used a compound-nucleus model to calculate the isomer ratio,
The‘spins of the excited compound nucleus are determined by the spins of
the ihteracting particles and the angular momenta 4 carried by the in-
coming and Qutgoing,pafticles. The value.of' £ for neutrons as a function
of energy is given by the following formula, which gives the crosé section

for the formation of the compound nucleus:
o ®-) (rr1)xr® 1T, @),

where A\ is the de Broglie wave length of the incident neutron and Tz (®) .
is the transmission coefficient of the nuclear surface for the neutrons.,
Katzllr obtained the T, (E) values from the graphs of Feld, Feshbach,
Goldberger, Goldsteln, and Weisskopf, 2 Katz obtained the average 4
value for the projectile and added this average £ - value vectorially to
the spins of the target aﬁd of the projectile to give the spins of the

compound nucleus, The sﬁins of the compound nucleus were formed in



..,7.,

proportion to their statistical weight;, 2I + 1. An estimate of the
energy and 4 wvalue 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 sbsorption. Katz ob-
tained agreement between the calculated and experimentally measured
isomer raxios.‘ _

Katz and co-workers also reported two other studie56’7 on
isomer yields by (y,n) reactions in a similar energy range. Sagane
obtained a constant yield ratio for the isomers of Mo9l produced by a
(y,n) reaction over the energy range from 15 to 67 Mev., This constant
isomer ratio was explained in the followinngay.6 Only’those9§igh-

energy (T,n) reactions which leave the residusl nucleus of Mo below
the threshold for further particle emission contribute to the measured
Mo91 isomers. Even for high-energy photon irradiation,; the isomer
production comes from photon cascading in a region not too far above
threshold. . |

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

For the (p,n) reaction at 6,7 Mev, Boehm, Marmier, and
‘Preiswerk9 measured the yleld ratio of the metastable state to the
ground state for about fourteen isomer pairs.

All the cases so far discussed gave no clear=-cut picture of
what would happen if the energy were increased beyohd the 5 to 20-Mev
range, A review of the suggeétions by Segré and Helmholzz,and LevylO
will now be made.

In their 1949 review article on nuclear isomerism, E, Segr&
and A, C. Helmhélz2 made a prediction about the formation of isomers at
high energies. In discussing the different yields of some isomers
formed by the (n,Y) reaction at different neutfon energies, they said,
"If the energy of the neutrons captured is increased so that capture

occurs over many levels of all possible angular momenta, one might
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expect that the influence of the level in which the capture occurs will
be washed out, and in -the limiting case only the statistical weights
(2I + 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 1dea, Theirvreasoning can be.extended.to-other
nuclear reactions, The limiting ratio for the isomer formation would
be -

S 2Im + 1

o - ZIg +1 ?

_where 9 and Im 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 /o were plotted versus energy of the reaction producing
the isomers,. the curve would approach (21 + l)/(ZIg + 1) asymptotically,
This limit could be approached from sbove or below but would never be
crossed,.

| i LevylO tested thls hypothesis by measurlng the isomer ratio
for the reaction Mn55 (a n) 0058° Hollander, Perlman, and Seaborg
56m as 5 and the spin of Cog8
p)

~as 2 and give no spin

58

1list the spin of Co as ‘2. Stromlnger;

Hollander, and Sesborg'® 1ist the spin of Co

56m is 5 and the spin of Co

assignment_for Co58m. If the spin of Co
is 2, th_era.tio:‘(ZIm + l)/(ZIg + 1) is 2.2. The isomer ratio did cross
the limiting value of 2.2 at sbout 20 Mev and rose rapidly thereafter.
Levy;o explained this behavior by bresking down the reaction X{ab)Y
into three steps: | “ |

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

2. Break-up of the compound nucleus to give the excited

* * *
residual nucleus, Y : C —- b+ Y,

3. De-excitation of the excited residual nucleus by successive
‘ gammaaray emission ending in either of the isomeric states:
Y -—>Ym + 1, or
Y'——)Y‘ + 7.

<

«
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, *
The cross section for the formation of the compound nucleus C 1is given

by

y) _ 2 -
Oeapt. = (24 + 1) =% T, (E)

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 orbital angular momentum Since” J'- z + f‘ + I 8’ the
compound nucleus has a wide range of J values, with hlgh values preferred.
by the statistlcal*welght (2d + 1), EE the dggay qf;g ,_}he 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
statistical weight (ZIY* + 1), Since in gamma-ray emission the multipoler
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 each'step the for-
mation of the high-spin isomer is favored, there would be no particular
limiting value that the ratio crm/og would approach at high energies,
Nuclear reactlions at low energies, < 30 Mev, are usually con-
sidered to proceed by the capture of the incident particle to form a
compound nucleus in an excited state which then evaporstes nucleons,
With this compound-nucleus model, one would expect the cross section for
a reaction involving a small number 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 energles above that leading to a maximum, but drop

0 a nonnegligible value, a different reaction mechanism must be postu-

lated at these higher energies., In 1947, Serber13 advanced qualitative

.suggestions to explain high-energy reactions. He assumed that at low

energies the Bohr compound-nucleus model holds but that, as the incident
energy in increased;, nuclear transparency becomes important. As the wave
length of the incident proton becomes comparable 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



o] Qe

nuclear matter is represented as a degenerate Fermi gas, collisions
~ having small momentum transfers are discouraged; because these éol-
lisions tend to lead from an occupied state to another 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 nucleon, the mean free path is about 4 x 10_’l3 cm, and the average
kinetic energy transfer to the struck particle is about 25 Mev. Since
the mean free path is comparable to nuclear radii, what happens will
depend on the particular trajectory of the incident partiecle., If the
incident nucleon passes through the nucleus near the edge, it may make
a single collisidn and emerge with the loss of only about 25 Mev of
its energy. Since the struck particles have much lower energy and
shorter mean free path then the ineident one; they can escape from the
'nucleus without further collisions only if the collision occurs nesr
the edge of the nucleus, with the struck particle heading outwards and
- emerging with 15- or 20-Mev energy. Otherwise, the struck particles
will collide with other nucleér particles,; the energy will be distri-
buted over the nucleus, and the subsequent events can be described in
terms of-thebusual evaporation model with the nuclear excitation energy
dissipated by successive boiling off of particles of & few Mev each,
- 'Because of the wide distribution of excitation energies of the struck
nucleus, there is a wide distribution of residual nuclei after the
evaporstion processes are .complete., 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
guite slowly.

Meadows, -Diamond, and SharpllL explained their results from
high-energy reaction by means of a knock-on meéhanism, as Serberl3 sug-
gested, They measured the excitation functions and the yield ratios for

the isomeric pairs Br80f8om, 0058,58m’ and Schh,hhm formed in (p,pn)
reactions, The spins of the target and product nuclei are taken from

Strominger, Hollander, and Séaborgl2 and are listed as follows:

€)
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rot (spin 3/2) (p,pn) Br80 80m (spins of 5 and 1);

59 (7/2) (p,pn) C058m’ 58 (spin of 2 for ground state);

h5 (7/2) (p,pn) Sclmm b (7 or 6 and 3 or 2). '
The ratio (cm)/(og) for Br O rises from about 1.1 at 17 Mev to 1.6 at
30 Mev, drops to 1.3 at 7O Mev, and changes slowly to 1.25 at 100 Mev,
The ratio (cm)/(cg) for o0 &iops guddenly just above threshold from
about 4 to about 1.5, and remains constant at that value to 100 Mev,
The ratio (G )/(U ) for Sem+ is sbout 0.52 at 13 Mev, rises to about
0.55 at 20 Mev, gradually drops to about 0,41 at 60 MEV, and remains
constant out to 100 Mev, In no case does this ratio (c )/(c ) approach
as a limit the ratio of the statistical weights., Nedither do these
ratios (Uﬁ)/ Og) approach vi;ues greatly favoring the high-spin state.
Meadows, Diamond, and Sharp ~ made softe simple calculations to obtain
seml-quantitative values of the ratio of isomer yields at 11 and at 20
Mev, Table I shows their calculation and experimental results.

Table 1

i

Ratio of ¢_Jo
1k -8
The two different values for Sc = are for two different spin assignments

Isomer pair Calculated Observed
1l Mev 20 Mev 11 Mev 20 Mev
Br80 - 1,0 2.2 1.0 1.3
mﬁ8 3.1 4.0 1.4(large 2) 1.4
ScML 0.8,1.7 1.2,2,6 0.52 0.55

The threshold for the reactions is at about 11 Mev, and the largest cross
sections are obtained at about 20 Mev, which is assumed to be the peak
of the compound-nucleus region. Meadows, Diamond, and Sharplh consider
‘the 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 then K R (R is the nuclear radius, K is the wave number of the inw
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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and parity was then calculaﬁed from the number of ways the spin of the
initial nucleus and the angular momentum of the proton could add vec-
torially to give that sﬁin.and parity:andufrom its statistical weight,
(27 + 1), At 11 Mev 1t was assumed that only an s-wave neutron and 5~
wave proton were emitted to form an excited residual nucleus which gamma
cascades to the isomervprbducts nearest in spin to the residusl nucleus.
The calculations at 20 Mev were similar except that it wes assumed that
first a p-wave and then an s-wave nucleon Wefe emitted;

The calculations of Meadows, Diamond, and Sharp show s marked
Ancrease in the isemer ratio with increasing projectile energy, Since
the metastable state has a larger spin than the ground state; this
change is to be expected because at higher energies proJjectilés of high-
er angular momentum will be captured to form compound nuclei of larger
spin; Also, at higher energies, nucleons of higher angular momentum
can be emitted to form residual nuclei over a wider range of spin with
higher spins favored by their greater statistical weights. They explain
the fallure of the isomer ratios te increase and the constancy of the
isomer ratio at high energy by onset of a knock-on reactién mechanismé
The cohtribution of the,compound»nucleﬁs mechanism should be greatest
at the cross-section maximum; but at 100 Mev the reaction should proceed
entirely by a knock-on mechanism, They point out that "the knock=on
mechanism can give a (p,pn) reaction in the following twe 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 eScapesidirectly, the other belng
captured to form an excited compound nucleus which then beoils off another
nucleon to form the final nucleus.” In the first case the excitation
energy of the residual 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 has an excitation.enérgy‘less.than 20
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when & nucleon reaches some low-energy limit. Morrison

~13-

Mev., "Mixtures of these two knock-on mechanisms, then, should give an
isomer ratio intermediate between that at threshold and that at the
cross-section peak, Furthermore, when they become the predominant mode
of isomer production at energies well above that of the cross-section
peak, the isomeric ratio should become constant or only a very slowly
varying function of énergy;"-,

15 isomer-yield ratios from

Pappas and Sharpl6 measured the Cd
the Sn118 (4,ap), Sn118 (n,@), Inll5 (a,2p), Intt? (n,p), and Cd
(d,p) reactions. ' _

The reaction mechanism with high-energy projectiles can be
divided into the following two parts: the initial cascade in which the
projecﬁile knocks out a few nucleons, and the evaporation according to
the compound-nucleus model, The initial cascade has been followed out
by means of Monte Carlo calculation§ in which aré considered the suc-
cessive events in the motion of the incoming 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
7 describes this
picture as applied to high-energy reactions,

Rudstaml measured the spéllation—crOSSesection ratios om/cg
for Zn69 from proton bombardments of arsenic. 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): 49 103 170
oZn69m :

_ 2.840.2. 1.3040.05 . 0,76+0,03
UZn69

Using the Serber model, Rudstam assumed that the evaporation process and
gamma. cascade are unimportant in changing_thé isomer ratios, 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

114
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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 isomer
ratio from 1.3 at 103 Mev to 0.76 at 170 Mev, He suggests that in the

69 probably is produced

irradiation of arsenic with 49-Mev protons Zn
only by means of a compound nucleus, The calculations by Meadows,
Diamond, and Sharp15 indicate that this compound nucleus will have a

high spin,

B, Isomer Ratios from Fission

9

Some ideas about the fission process will be reviewed, Bromleyl
presents the viewpoint that neutron evaporation from the compound nucleus
precedes fission, However, the calculations by Vandenbosch, Thomas,
Vandenbosch, Glass and Seaborgzo show that most of the fission precedes

neutron evapbyatjon for heliqm—ioﬁFinduced fission of U233 and U235.

9

Bromleyl points out that most authors who have studied fission explain
their results by means of variants of Serber's qualitative suggestions
advanced in 1947,

Bromley describes the Russian investigations 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
measuremeﬁt of the angle between the fragments, the recoll 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 before the evaporation stage begins. .
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 Showed good agreement between thé Russian phofoplate.data,and
the Monte Carlo calculations of McManus.

Bromley reports that S_hamov21 obﬁained 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, Shsmov Tinds that a compar-
ison between the number of charged particles evaporated at fission and-
the results of evaporation calculations such as those of LeCouteur gives
the result that the observed emission is Just what one would expect in
each case if all the available excitation were to be used up in the
evaporation processes, These results are strong evidénce.for occur=
rence of the fission process only after the nucleus has lost most of

its excltation. Supportive evidence for this picture is the fact that
the totai kinétic energy of the fission fragments is about the same for
thermal neﬁtrons and for high-energy protons, |

Bromley gives the following description of high-energy fission,

The high-energy particles interact with the target nucleﬁs, leaving it

in a highly excited state with high angular momentum, This excitation
energy is teken off by multiple-particle emission until the nucleus
reaches a low exclited state at which particle emission 1s no longer
probable, Theoretical calculations indicate that the evaporated nucleons
can carry away relatively large amounts of angular momentum, After the
evaporation process, if this low excited state has low angular moméntum,
then there is a high probability of gamma de-excitation to the ground f
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
Seaborgfo data on.créss sections were used to calculate the .cross sec~=
tions for the (a,n), (a,2n), (a,3n), and (o, bn) reactions on U233 ang

U235° The model for these calculations was the Jackson 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 fissionabililty, ZZ/A,
of the heavy elements permits fission to precede neutron evaporation
butvthat with less fissionable nuclei neutron evaporation occurs first

in order to increase the fisslonability of the nucleus.
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The experimental date 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 f1531on Blomeke22 lists the yields along decay chains for the
products from the thermal-neutron fission of U 35, No isomer ratios
eould be obtained from shielded or independently formed nuclide yields,
Steinberg and Glendenin 23 1ist the cumulative-yield ratiocs, ¢ /c for

'Cdll5 in thermal-neutron fission as follows:

232 0.0k

238 0,096

pu?3? 0.07

y?33 0,005

115m (spin 11/2) to‘Cd115 (spin 1/2) from the beta decay

The ratio of Cd
of 2l-min Agll5 is O 09, and Alexander, Schindewolf, and CoryellzlL

port that the 20-sec Ag 15m .decays in T2% abundance by isomeric transi-
tion to Ag 115
Cdll5u This decay of Ag

The only isomer ratio; cm/ag, from thermal-neutron fission which is

and in 28% abundance by beta decay to the ground state of
115m

would. give an isomer ratio Oﬁ/dg of 0,07.

. greatly different from these ratios from the decay of the parent is the
U233o This would

;indicate an independent yield of the low-spin isomer in thermal-neutron

5 x 10‘3 ratio from the thermal-neutron fission of

fission. However, the evidence for independent isomer yields from
thermal-neutron fission is too meager to give an indication whether the
high or the low spin 1s favored. . |

v The experimental data on isomer ratios from high-energy fission
will now be reviewed. This review includes the work of Biller,25 Hicks
and Gilbert,26-and Pappas and Sharp,16 and a literature search (shown in
Table ITI),

Biller25 measured several isomer cross sections from 340<Mev
proton fission of bismuth, Table II shows the results, The Sé8l yield,
which is from the beta-decay chain, from thermal-neutron fission of
U235 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 yieldg



Table II

Isomer yields

Type Target  Nuclide Spins Yields (mb) Remarks - Spin of
' Isomer Ground Iscmer Ground taxget
Thermal — U°57 3t 7/ /2 0.008 0.125 7/2
neutrons 7 ' . ' '
juo-Mev B9 88l gz 1/2 1.7 cee S 9/2
protons
B1 2% g/2 1/2 0.67 —-
Bi Br kR 1 2.3 - shielded
B1 20 6 . 1.9 'wws  shilelded
Bi M2 1/2 9/2 - 0.22 9.9 - Precursor
: has 65-day -

helf life

-LI—
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The dashes indicate that no corresponding yield of the ground state was
deteéted. Biller's interpretation is that the highly excited states
formed immediately after fission are of high spin number,

Hicks and Gilbert26'measured.the ratio of the cross sections
for the fdrmation of the Cdllsmf(spin.ll/z) and €4 (spin 1/2) péir
from the high-energy fission ofiuranium. The cross section of Cdllsm
was for the independent yield formed directly from fission. Since 28%

of Agllsm with half 1life of 20 sec decays into Cd115
for Cd115 was one of é long-lived end product of a beta-decay chain,
The ratio o ca'? /o cal ™™

for 3&O-MEV protons, The increased formation of Cd

, the cross section

decreases from 15 for 50-Mev protons to 1.7
115m at higher
energies indicates increasing angular momentum of- the flssionlng nuclei,
Pappas and Sharp;6 measured the Cd 15 isomer ratios from 10~
Mev to 25=Mev deutefon fission of U238, As with Hicks and Gilbert’'s
work,26 the indépendent yield of CdllSm and .the cumulative yield of

Cdll5 were determined, When Pappas and Sharp's data are compared with
Hicks and Gilbert's data for the 50-Mevy to 190=Mev deuteron fission of
238 115m ,.,.115

, it is seen that a sharp minimum in the ratio Cd /Ca ocecurs
in the 25-Mev to 50=Mev region, '

’ The results of a,literature search on high-energy fission are
shown in Table ITI, which shows the cumulative-yleld rat1059 Cd115m/ '115
from fission under a variety of bombarding conditions. The Cdll5m/0d >
ratio from the decay of the Ag 15 parent is 0,09, and 28% of the 20=sec

gllSm decays into the Cd =2 ground state, For bombarding»particle
energies below 45 -Mev, the cumulativeayielderllsm/C& ratio from
fission is fairly close to 0.09, with the highest value for qm/og of
0.228, For bombarding-particle energies sbove 190 Mev, the cumulative-
yield catt?™/catd

o /a of 0,34, The increased value of Cd

ratio is much above 0,09, with the lowest value for

llsm/Cd115 in high-energy

fis51on must be .caused by an increase in the independent yield of Cdll5m
(high=spin isomer). This increased yleld of Cdl15m
19

is in agreement with

the description by Bromley -~ that- highsenergy fission is a low-excitation,

115m/0d115

ratio does not vary greatly with projectile energies in the 0.6-Bev to

high-angular-momentum phenomenon.- The cumulatlveeyielded
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Table IIT

Literature search on lsomer ratios from fission

Projec- Isomer j cr?/cs
: Projec- tile Target pair Product spins rom
Author Target tile energy _spin product Isomer Ground fisslon Type of yield
Goeckermann 115 .
and Perlman®( Bi a 190 Mev  9/2 cd 1/2 1/2 ~1 Cumulative
O'Connor end 115
Seaborg? Natural U a 380 Mev  © ca 0.5 Cumulative
Folger, Stevenson, 115
and Seaborg2d Natural U P 340 Mev ¢} cd 0.36 Cumulative
Newton3© T a 38 Mev O et 0.083 Cumilative
Nervik3® Ta P 340 Mev 7/2 catts 1.7 Cumulative
Kruger and '
Sugarman3Z Th P 450 Mev O caﬁg . 0.52  cd™ s
Bi 9; 2 cd 1.6 cumulative
Au 3/2 2.6 115m
rhenium 5/2 z.9. ggde ené:nt
Ta 7/2 2.8 P
holmium 7/2 0.55
Vinogradov . 115
et al. Natural U P 480 Mev o] ca 1.1 Cumulative
Wolfgan
et a1.3E Fb ) 0.6 Bev  0,7% calligm 11/2 1/2 1.7 cats 45
1.0 Bev  1/2,22% Ca& 2 cumuilative
1.6 Bev 2.1 CdllSm is
2.2 Bev 2.5 independent
3.0 Bev 2.2
Shuddes? Natural U P 5.7Bev 0 cats i1/2 1/2 0.3%  Cumilative
2.2 Bev 0.45 Cumulative
0.34 Bev 0.35 Cumulative
Vandenbosen3® e 21.9 Mev  7/2 cat> 11/2 1/2 0.091 Cumulative
30.6 Mev 0.10 Cumulative
42.8 Mev 0.095 Cumulative
45,5 Mev 0.178 . Cumuletive
Gibsond | : a3 a 12.3 Mev  1/2 cat? 0.172  Cumulative
17.9 Mev 0.22k  Cumulative
. 23.4 Mev 0.135 Cumulative
w237 a 28.1 Mev  5/2 11/2 1/2 0.110  Cumilstive
35.0 Mev 0.228 Cumulative
45,7 Mev 0.17 Cumulative
233 a 12.1 Mev  5/2 cat? 11/2 1/2 0.184  Cumulative
19.6 Mev 0.127 Cumwative
23.4 Mev 0.075 Cumulative
Foreman3® ™?3? a 27 Mev 0 catt’ 0.066 Cumilative
' 36 Mev 0.058 Cumulative
44 Mev 0.1h4 Cumulative
Wahl and
Bonner u?35 n 14k Mev /2 - catts 0.070  Cumulatilve
Schmitt snd 11
Sugarman'0 Natural U  photo- 16 Mev 0 cat> 11/2 1/2 0.08L Cumilative
fission 21 Mev 0.072 Cumulative
48 Mev 0.087 Cumulative
100 Mev 0.072 Cumilative
300 Mev 0.17 Cumuletive
Jodra and 95‘
Sugarman’l Bi P T5-450 Mev 9/2 Nb 1/2 9/2 1.5 Independent
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3.0-Bev proton fission of lead and in the 0,34-Bev to 5.7-Bev proton
fission of natural uranium, The W'ork.of‘Vinogradov33 and that of
Kruger and Sugarman32 showlho'COrrelation-between the spin of the
llSm/Cdll5

Teble III shows that the cumilative-yleld 0~ >"/Ca
in the photofission of natural uranium is close to 0,09, the ratio
from the parent Agll5 in the'energy range 16 Mev to 100 Mev, but

0 /c rises to 0.17 at 300 Mev, Sugarmanuo assumes that below 100 Mev
the isomers are formed from Ag 115 and at 300 Mev sre beginning to be

target nucleus and the Cd ratio,

115 ratio

formed directly from fission,

There is a great difference between the two experimental
ratios for Nb95m/1\Tb95 from bismuth fission. The ground state of Nb95
has a high\spln, and the upper state has a low spin, Biller25 obtained
an independent—yield ratio of 0,022 .for Nb95m/Nb95, and Jodra and
Suganmanhl obtained an independent-yield ratio of 1,5 for Nb95m/Nb959
Biller’s result sgrees with the hypothesis that fission is a high-
anguler-momentum phenomenon, and Jodra and Sugerman®s ratio does npt
agree with .this hypothesis,

' In conclusion it may be said that, since there is only one
isomer ratio which may be independent from thermal-neutron fission,
there 1s little evidence to support the idea that thermal=-neutron
fission is a low-angular-momentum phenomenon, In low=-energy fission
below 45 Mev, a lack of independent isomer ratios prevents the drawing
of conclusions about the fisslon process, In high-energy fission, the
work ovaillerzs and of Hicks and Gilbert,26 and the results in Téble
III on the Cdllsm/Cdll5 ratio support the suggestion that high-energy
fission is a high-angular-momentum phenomenon, however Jodra and
Sugarman’®s Nb95m/1\1b95 ratio does noﬂ'support this high-angular-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 synchrocyclotronrand,invthe'60—inch
eyclotron. Disks, which were. punched l inch in dlameter and cut in
half, were clamped in a ‘copper clothespln-type holder ‘and bombarded
with 50-Mev to 3&04Mev 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 Ritsemahz except that an oval-ghaped instead of a
round target was used. Figure‘l shows .the microtarget assembly. The

target was bombarded with deuterons and helium iéns,

B, Chemical Procedures

Cadmiun was removed from targets bombarded on the 184-inch
cyclotron with protons, and on the 60-inch cyclotron with 12-Mev
protons. . Promethium was,removed from targets bombarded with 45=-Mev
helium ions on the 60-inch cyelotron. Niobium was removed from targets

bombarded with deuterons on the 60-inch cyclotron,

Cadmium

The uranium terget foil was dissolved in concentrated nitric
acid containing cadmium carrier, The solution was made L N in nitric
acid, and uranium was extracted with tributylphosphate, rThe aqueous
layer was evaporated almost to dryness, and the residue was dissolved
in water, Ferric,.lanthanum, and indium.earriers 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 NHuOH. Cadmium sulfide was dissolved in 2 N

HC1l, palladium carrier was added to the solution, H_S was passed in,'

2



Fig. 1. Microtarget assembly. A. Microtarget
B. Microtarget, C. Degrading foil. '

slot,

ZN-2123
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and the palladium sulfide precipitate was centrifuged, Antimony carrier
was added, and an Sb2$3 scavepge was made, The HZS was boiled off,
Silver carrier was added, and the silver chloride precipitate was centri-
fuged. 2Zinc carrier was added, the solution was péssed,through a 2mm X
5 cm Dowex A-2 anion-exchange column, and the resin was washed with 0.1 M
HC1, Cadmivm was eluted with 1.5 g.stou, This column procedure was
suggested by Walter Nervikosl H2

cadmium sulfide was centrifuged, washed with water, ethyl alcohol, and

S was passed through the eluant;

acetone, 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 cm2 in
area, a drop of dilute clear lacquer was placed on the precipitate and
dried,

Promethium

The separation of the rare earths from the other fission pro-
ducts was obtained by a chemistry procedure of fluoride and hydroxide
precipitations and a Dowex A-2 resin-column step as described by
Nethaway and Hicks,%3 The bombarded uranium 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 HC1l 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
ammoriiacal With NH3 gas., The hydroxide precipitate wes centrifuged and
washed twice with dilute NHhOH° The precipitate was dissolved in 3 ml
of concentrated HCl, The solution was passed through a Dowax A-2 resin
column 5mm x 10 cm, and the eluate was collécted in a Lusteroid tube,
The column was washed with 2 to 3 ml concentrated HCl, and this washing
was combined with previous eluate. The solution was diluted to.2 N.

Three mg-Zr+4 and 0.5 ml concentrated H3PO)+ were added, The precipitste
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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‘NgZCrOA, 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 saturéted
H,BO, and 0,5 ml concentrated HCl, The solution was diluted to 10 ml

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

fuged and weashed twice withswater. 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 HC1 used to wash the column,
Then 6 M KOH was added to the eluéte until the solution was basic, The
hydroxide precipitate was centrifuged and washed twice with water. The
precipitate was dissolved in a minimum of concentrated HC1l (one or two
drops), and the solution was diluted to 4 to 5 ml with water. A few
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 fdr 10 min-with oécasional stirring. The resin was then
transferred to the top of the resin bed of a Dowex=50 resin column very
similar to that described by Nervikohh |
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 size was grhded to obtain that portion which settled between 1.0
and 1,5 cm/min in distilled water, The resin was washed with 6 M
smmonium 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 and stored in
distilled water until loaded on the column., All eluting solutions were
1 M in total lactate concentration and about 0,01 M in phenol to pre&eﬁt
deterioration of the lactate, The dimensions of the ion-=exchange resin
bed were T mm 1.4, x 60 cm, This column was surrounded by a water
reservoir kept at a temperafure of gbout 9OOC by a heating tape. The
eluting-agent reservoir system consisted of two 2,000-ml flasks arranged

so that, by means of a stopcock coﬁtrol, 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 ammonium hydroxide and measured on a Beckman Model G
pH meter., The pH of the eluting agent in the lower 2,000-ml flask was
3.2, and that in the upper flask was 7.0, Each flask contained sbout .
300 ml initially, and the flow rate beﬁween the flasks was about one
drop every 8 to 12 sec to give a steadily increasing pH in the eluting
agent, Continuous mixing of the solution in the lower flask was assured
by a small magnetic stirring device., After a run had ﬂeguny samples of
the eluent were collected in the collecting tubes over 3-min intervals
by means of an aﬁtomatic sampling turntable, The promethium activity
came before -the neodymium carrier, which was observed as neodymium ox-
alste preclpitate, For the activity assay, a drop of the eluent frqy

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

dryness, The platinum hat was mounted for counting.,

Niobium

The niobium chemistry was obtained from Hicks‘,’+5 The uranium
target foil was dropped into a 40-ml cone containing niobium carrier and
3 drops of hydrogen peroxide, The uranium metal was dissolved by drop-
ping concentrated hydrochloric acid on it and adding HZOZ‘ Two milli-
grams of zirconium carrier was added. Concentrated nitric acid was
added, and HC1 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»l\]b‘zo5 precipitate was dissolved
in HC1 by the following procedure, Ten milliliters of concentrated

HC1 was added to the precipitate while the szo5 was freshly precipitated,
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The solution was cooled 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 give a
clear, slightly yellow solution, | ‘ '

The niobium was extracted from 10 M HCl into diisepropyl
ketone in a 125-ml Erlemmeyer flask with the use of a mechanical stir-
rer, Equal velumes of acid and ketone were used,

The niobium was back-extracted from the diisopropyl ketone
into 6 M HC1 with the use of a mechanical stirrer, '

'NbZOS was precipitated with NH3
pitate was centrifuged, and the solution was discarded. The precipitate
waSISIUrried.with 5 ml of concentrated HNO3b Thé solution was diluted
‘to 20 ml, and the pH was adjusted to 9 with NH, gas, The solution was

3°
digested, The precipitate was centrifuged and wasghed twice with hot

gas at s pH of 9, The preci-

concentrated HNO3° The precipitate whs transferred to a small erucible,
dried under a heat lamp, ignited, and transferred to an aluminum hat for

counting,

C. Counting Instruments

The cadmium activity was counted in a Geiger-Mueller counter
described.by'Nerviko3l The counting unit itself was an endawiﬁdow,
chlorine—argonafilled Amperex type 100 C tube mounted so that samples
could be placed on any of five shelves below the end of the tube, This
whole assembly was housed inside a 2-inch-thick lead castle to reduce
background radiation, and the lead was lined with aluminum to minimize
scattering of radiation from the inner walls of the castle, ‘When used
in conJjunction Wifh.a_scalémofuZSG s¢aling_unit, this counter couid
handle activities of 80,000 to 100,000 counts per minute without dif-
ficulty., At these high counting rates; however, ﬁhe,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
counbing‘éircuiti In order:tovget.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
Gelger-Mueller counter had already been determined by workers at the
laboratory. » _

The promethium activity was countedbon a Geiger-Mueller counter
and on a Nucleometer described by Ritsen.la‘,l‘L2 The Nucleometer contains a
methane~-flow-type windowless proportional counter. The high efficiency of
this counter made it partiéularly'useful for following they@ecay of low-
intensity betaéparticle emitters. |

The niobium activity was counted by following the decay of the
230-kev and T750-kev gamma-ray peaks with a 10-channel gamma-ray pulse=
height analyzer. The counting unit in this instrument was a NaI(Tl-acti-
‘vated) scintillation crystal, 1 inch-thick and 1-1/2-inch 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 "analyzer for five consecutive counting periods. Shielding and
sample~-positioning arrangements for this counter were approximately the
same as for the Geiger-Mueller counter., Decay of an individual gamma,-ray
peak could be followed by counting the sample pericdically, plotting the
gamma spectra, integrating under the desired peak, and plotting integrated
counts as a function of time., The counting efficiency varies with gamma-

ray energy.
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IITI. TREATMENT OF DATA

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

eff bks’

bl ebs? correction for air and window‘abSCrption, fSSA’ correction for self«

scattering and absorption in the sample, These corrections were deseribed

by Nervik 3

backscattering correction

fa Correctlon for Abundance When a nuclide decays, the radia-

tion that it emits is usually a complex mixture, Its radiation may
consistof two or more beta particles of different energies and several
gamme, rays, When a nuclide with a complicated decéy scheme is c¢ounted,
the abundance of each of the various components 6f the decay must be
known so that each mode of decay mey be corrected separately for each of
the correction factors. The totél "counting efficiency” or conversion
factor for a glven nuclide may then be obtalned by adding the counting

efficlencies of the various components of the decay.

feff'Corréctionfor Counting Efficiency: It was assumed that
100% .of the beta particles entering the sfensitive volume of the Geiger-
Mueller tube would be counted, Therefore, f = 1,0 for beta particles.

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

tained from the work of Studier and James, and the counting efficiency

ranged from 0,5% for 0,25-Mev gemma rays to 1% for 1,0 Mev,

fbk,s Backscattering Correctlon Factor: If a weightless sample

is placed on a mounting plate which has a macroscopic 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,partiiée and of the thickness and atomic number of

the backing material°47’ For a given maximum energy of beta particles

and a given backing material, f increases with increesing backing

bks
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tnickness’until a “saiurétion” thickness is reached, after which f,,
remains constant., For a gilven beta-particle energy and thick backing
materials, the f, = Increases with iﬁcreasing Z pf‘the backscatterer,
For a saturation thickness of a given Z and with varying beta-particle
energiles, fbks increases from O to 600 kev and remains approximately
constant for all higher-energy beta particles, In order to minimike
errors that would be introduced if-backscaxteringvdorrections were un-
certain, the cadmium samples were mounted on aluminum plates thick
enough to give saturation béckscattering for all beta particles in-
volved, The promethium samples were mounted on platinum thick énough
to give.saturation-backscat@eringa The backscattering corrections

were taken from the data of Burtt.

fa’bs Correction for Air and Window Absorption: In the “Shelf

1" or "Shelf 2" geometry in which the samples were counted, radiation
had to pass through air and mica before entering the sensitive volume
of the G-M tube, This thickness of material could easily absorh a sig-
nificant fraction of beta radiation, especially of low energy. For
light elements the absorption thickness in mg/cm23is almost independent
of the nature of the absorber;h9 therefore, the known ﬁg/cm2 thickness
of mica and air is approximately equivalent to the same thickness of
aluminum, Therefore, the correction factor was calculated with the use
of the curve of alumiﬁumwabsorption helf thickness versus beta-ray

maximum energy.

fSSA Correction for Self-Scattering and Absorption in the

Sample: When any but a weightless sample is counted, the beta radia-
tion emitted may be scattered or absorbed by the mass of the sample 3
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

and. Stevensonso have measured T in sodium and lead sqitso The self-

, ~ "SSA
scattering factor for CdS was measured experimentally by a worker at
the labo:atory, Since the promethium samples were weightless, the seif-

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 teken from Stromihger, Eollander, aﬁd:Seaborgo12

qcallsm (43 d)

(11/2-)
g™ (53 nr)

(1/2+)

1.42

1.30

-0,94

In;;sm :

- il 0,335
115 i

In , ' o

The beta-particle energles and percent abundance for the

(1/2-)

(9/2+)

cadmium and promethium isotopes are taken from Strominger, Hollander,

and Sea’borgl2 and are as follows:

Isotope tl/z B energy (Mev)
catlom | 43 a 1.61 (98%); 0.7 (2%)
ca1s 53 hr 0.58 (42%); 1.1 (58%)
P8 534 2.5
PmlhB 43 a 2.4 (weak); 0.6
Pmlh9 54 hr 1,05
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149 and h3»day,Pmlh8 were re-

148

The activities of 54=hour Pm
solved from the gross G-M=-counter decay curve, The 5,3-day Pm as
not present in sufficient quantity to be resolved frpm the -G=M=counter
decay curve, Bybadding arbitrary amounts of 5.3-day Pm'M8 activity to
the decay curve, one could see that the cross section for 5.3-day
Pm12+8 would have to be at least twice as great as that for 43-day
Pm148 in order for the 5.3-day PmlhB to be visible in the resolution
of the decay curve, v

The activities of 53=hour Cd&

solved from the gross G-M-counter deecay curve, The cadmium isomers

115m

115 and h3=day ca were re-

were .further identified by means of gamma'spectra and aluminum-absorp-
tion curves., The gamma spectra’for the cadmium isomers were obtained
on a 50~channel gammeg-ray pulse—height analyzer. The counting unit in
this instrument was a l-inch thick Nal (Tl-activated) scintillation
crystal used in conjunction wiﬁh an RCA 5819 photomultiplier tube and
a 50-channel analyzer, -

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

from Strominger, Hollander, and Seaborg,lz iss

(90 nr) W™

(1/2-)

95
(o) — BT

0,768

(5/2+) AL 0

Mo??

The decays of the 230-kev gamma peak of Nb95m and the T50-kev gamme peak
of Nb95
gamma, peak contributed to the counts under the 230-kev peak, After the
230-kev activity had decayed out, the height of the 750-kev pesk was
normalized to the height of the high-energy peak in the sample that
contained the 230-kev peak, and the Compton scattering under the 230-kev

were followed., The Compton scattering from the high-~energy
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pesk was calculated, In this way the 230-kev peak was corrected for
the -Compton scattering from the high-energy pesk, The 750-kev gamma
'péak.decayed with a half 1life of 35 days; The 230<kev gamma peak
decays ﬁith-a half life of 76 hours, but this half life was uncertain
by as much as 15 hours. -

The counting efficiency of the sodium iodide (thallium-
activated) crystal veries with the energy of the gamma:.ray. The
ratio of the efficiency of the two peaks was obtained from Kalkstein
and Hollander.sl‘

_ | From the tables of Sliv za.nd.’B'anél;52 the internal-conversion
cdefficient in the K-shell for the 23l-kev gamma ray, which is an M4
transition, was found by interpolatibn to be 2.60, The internal-con-
version coefficients for the 231-kev gamma ray in the L shells were
also obtained from the tables of S1iv,”> The internal-conversion
coefficients are.0,352, 0,0580, and 0,106 for the LI’VLiI’ and LIII
shells respectively., Thus;, the total internal=-conversion coefficient
for the L shéli is 0,516. The total internal-conversion coefficient
for shells outside the L shell is assumed to be 40% of the total L~
shell conversion coefficient. Therefore, the total internal conver-

sion coefficient for the 23l-kev gamma ray is 3.32.
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IV, RESULTS ON ISOMERS FROM URANIUM FISSION

148

As the Pm isotope is shielded; an atfempt was made to
determine the independent~-yield ratio of 5.3-day PmlhB ﬂo 43=-3day Pm
in the 45-Mev helium-ion Ffission of uranium, However, Ihe presence
of a large amount of 54%-hour Pmlu9 would make it difficult to see the
5.3~day Pmlhs; In‘faéﬁ the:experimentally determined fatio of the
cunulative yleld of Pm‘lﬂ'9 to the independent yeild of 43-day Pm1h8 is

350 + 100, Although the 5.3-day Pm'C was not seen in the decay curves,

148

it is possible to establish an upper limit for the independent-yield
ratio of 5.3-day_Pmlh8%to 43-day PmlhB, which 1s
148"
P (5.3-day) _,
148 ‘
Pu~  (43-day)

£

In the deuteron fission of uranium at419 to 23 Mev, the in-
dependent-yield ratio of Nb95m to the total niocbium of mass 95 ranges
from 70 to 100%, The accuracy of this ratio depends on the accuracy
of the efficiency correction for éamma counting and the accuracy of
the conversion coefficients taken from the work of/3liv. Since the

1958

upper state, ; has a low spin and the ground state of Nb95 has a

‘high spin, this result is not in agreement with the suggestion that

fission is a high-angular-momentum phenomenon,

llB/CdllSm

The cross-section ratios C4 from thé proton fission

of natural uranium are shown in Table IV, These ratios are for the
cumulative yield. The results in this work are compared with the

results of‘Hicks26 and Folger29 for the cumulative-yield ratio,



Table IV

Ratios of cadmiumnlls to chmium¥115m'

Proton energy (Mev)

Hicks's data

350 250 150 90 50 12

Bailey © 2,8 3.5 3.8 7.8 18,5 > 31
Hicks 2,3 2.8 4.1 6.7 14
Folger 2.8
% agreement 20% 23% 8% 15% 28%

of Bailey , .

with Hicks

Upper limit of 3.3 3.6 55 8.6 27

. Higkg?s-@ataw‘ :

Lower limit of . 2,0 2.1 2.5 3.2 k.9
Hicks's data '

%. spread in 50% 546 T5% 92%  140%
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V. EXPERIMENTAL PROCEDURES ON Scuh ISOMERS

A, Target Procedures

Spectroscopically pure scandium oxide powder was used as &
target for alpha particles on the 60-inch cyclotron and the 18k-inch
synchrocyclotron, Reagent-grade potassium phosphate tribasic powder
was used as a target for alpha particles in the 60-inch cyelotron.

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

0

a3 .
was spreed in a 10-mil platinum "hat.," This platinum haet was covered
with a 1-mil platinum cover foil and mounted in a microtargét assembly
described by Ritsema)+2 for bombardment on the 60-inch cyclotron with

helium ions. About 15 mg of potassium phosphate K POh powder was

similarly mounted as a target on the 60-inch cyclogron and Bombarded
with helium ions, The ﬁlatinum 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 bym“]?h.omasﬁsh
The energy of the helium ions was obtained from the rangemeﬂergy
curves of Aron, Hoffman, and Williamsos5

For bombardments on the 184-inch synchrocyelotron with 320-
Mev helium ions; a paste of scandium oxide powde:Aand Duco cement was
Wfapped in aluminum foil ebout 2 mils thick and cigmped in a_copper

target holder,

B. Chemical Procedures

Scandium was removed from all the targets,

8c,0, Targets from 6OAIhch.Cyclotrdn

3

The platinum hat containing the scandium oxide was dropped
into a centrifuge cone containing gbout 20 ml of 3 N HCL. Aboﬁt 10
mg of scandium carrier was usually present in the 3 N HC1l solution,
The solution was heated with occasional stirring for sgbout 1/2 hour
in a hot water bath to dissolve the scandium target., The solution was

made basic with NHAOH, and scandium hydroxide was centrifuged and
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washed twice with dilute NH)OH. The scendivum hydroxide was dissolved
in concentrated HCl the sOlution wag diluted to h N HC1, and 2T N HF
was added, After digestion in a hot bath for 1 minute, scandium
fluoride was centrifuged and washed tw1ce with water, Scandium fluo-
ride was dissolved in a mixture of 1 ml saturated H BO3,and,On5 ml

3
concentrated HNO. and the solution was diluted to 10 ml. About 0.5

mg caleium holdbzck carrier was added, the .solution was made basic
with NHAOH and the scandium hydroxide was centrifuged and washed
twice with dilute NHAOH As described above; another scandium fluo-
ride precipitation and another scandium hydrox1de precipitation withe-
out adding calcium holdback carrier were made. The scandium hydroxide
precipitate was dissolved in concecentrated HCl. The solution was
~diluted to 3 N HC1l and passed through a 2 mm X 5 cm Dowex A-Z anion-
exchange column, Scandium hydroxide was agaln precipitated from the
solution with NHhOH and washed with dilute NHLOH and acetone, For
all bombardments below 35 Mev in energy, the scandium hydroxide was
.mounted in aluminum hats as described in Experimental Procedures for

- Isomers from Uranium Fisslon. Scandium hydroxlde was mounted in a
l/32»inch lead “"hat" with a depression 0,7 cm in diameter and sbout
0,1 cm deep for all Sc 203
- lead hat was covered with a_l/32~incn lead cover foil and mounted in
a 5/16~inch-diameter hole in a l/2eby~l/l6~inch_stainlees steel strip
and held in place by bent flanges, This steel strip was mounted in

‘bombardments above 35 Mev in energy, This

a definite and fixed position in a Lucite holder for counting,

SczosvTargets from 184-Inch Synchrocyclotron

The aluminum foil containing the scandium oxide was dropped
into a centrifuge cone, The aiuminum foil was dissolved by dropping
concentrated HC1l on the foil, ebout 15 ml of 3 N HC1 was added;, and
the soiution was heated,with occasional stirring for about 1/2 hour in
a hot,vater bath to dissolve the scandium target. A scandium hydroxide
and a scandium fluoride precipitation were made as described above, In

- the next scandium hydfoxide precipitation;, about 0.5 mg of magnesium
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holdback carrier, as well as calcium holdback carrier, was added., The
remainder of the.chemical procedure was the same as that described for
the 80203
pa531ng the 3 N HC1l solution through the Z-mm-by=5=-cm Dowex A=2 anion-

targets from the 60-inch cyclotron except that the step of
exchangevcolumn was omitted,

K3P0h Targets from 60-Inch Cyclotron

The platinum hat containing the potassium phosphate was drop-
ped into a centrifuge cone which contained about 20 mg of scandium
carrier, The K3P04 target was dissolved with occasional stirring in
about 15 ml of water, The remainder of the chemical procedure was the
same as that for 80203 targets from the 60-inch cyciotron except that

the fluorine precipitations were omitted,

C. Counting Procedures

The scandium activity was counted on & Penco Model PA=-3 in
which the detecting unit was a sodium iodide;(thalliumuactivated)
scintillation crystal, The 1,16-Mev gamma ray of 3,9-hour Schh and
.the 270-Mev gamma ray of 59-~hour Schhm were seen, ‘

The decay schemes of Schhm and Schh, from Strominger, Hol-
lander, and Seaborg,12 are: I ‘
(6,7+) 0.27
]
c .
(293“3")‘ 0
2.5k
:0.1%;
(2+) 1,16
(O+)= 0
bl

Stable,Ca

The independent=yield ratio of Sckhm to Schu was got by following the

decay of the 1.,16-Mev gamma ray of 3.9=hour Scm"o During the first
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day after bombardment, frequent measurements were_made of the 1,16-Mev
gamma. peak, which consisted of the decay of thé 3;9-hour_Sc-l‘lL formed
by the (a,0n) reaction and of the growth of the 3,9-hour Stcs?m formed
by %herisomericttranSition of 59-hour-Schhg to S¢ .  For several days

the decay of the 59uhoﬁr Schhm‘by isomeric transition to‘Sclm was

b in

transient equilibrium with its parent, From the 59-hour decay curve,

followed by counting the 1,16-Mev gamma peak of 3.9<hour Sc

the growth curve for the 3,9-hour Schh by isomeric transition was
-constructed. . This Sc = growth curve was subtracted from the experi-
mental decay curve in order to obtain the 3.,9-hour decsy curve of
Sc  formed from the nuclear reaction. From the 3.9-hour decay curve
of Schh and the 59-hour decay curve of Sclm in éQuilibrium with Schmny
the independent-yield ratio Schhm/Schh
The .decay of Scuhm is entirely by isomeric transition, with
e/y = 0.14, The decay of Schh goes T% by electron capture and 93% by
1.47-Mev positron, In some Bombardments Sch3.is formed, The amount

was obtained,

of’Sch3 present is important because 3,9=hour Sc)+3 has a 1,05=Mev

gamma ray in 10% sbundance, -This 1.05-Mev gamma ray will be counted

in the 1,16-Mev gamma peak of 3,9=hour Schk as the half lives of Sch3
Ly 43

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

Strominger, Hollander, and Sea'borg,lz is the following:

43
(7/2-)

009?3
. T 0,59k
(5/2-) — 0{371+

(7/2~ =X 0
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The 3.92<hour Sch3 decays 4% by 0.39-Mev B+, 17% by 0.82-Mev
B+) and 79% by 1.20-Mev B~ Lindqvist56 lists the following gemma rays
43 o
of Sec¢ -

Energy Relative | Measured in
(Mev) abundance
0.25 + 0,01 0.5 megn, lens
| 0.369 + 0,005 . 8 magn, lens
0.511 ) 100 : mggn. lens
0,627 * 0,005 2 magn, lens
0.84 + 0,02 weak scint, spectr,

In Nuclear Level Schemes57 the following decay scheme for
Sch3 is listed:

. Sch3
(7/2-) —=57
: 1.22
(5/297/2?) Nlo%
(3/2-) | \ o
T~ 0.062
(5/2=) - (14 Y, 5% EC)
(7/2-) TSN 120
Steble a3  (65% p*, 6% EC)

As reported in Nuclear Level Schemes for Séh3, Lieshout and
Hayward?® did not find the 0.627 and O,8h-Mev gamme. Tays. of sc™3 put
did find a 1,05-Mev gamma ray, which was not in coincidence with the
0,38-Mev B~ and which had the sbundance of 10 gémma,rays per 100 é+ events,

Therefore, Nuclear Level Schemes lists the gamma_raYS of 8043 as. fol-

lowss



Energy (Mev) Photons/lOO-B+
0.25 1
0.369 16
1.05 10

The threshold energies of the reactions Sch5(a,an)Schh,

'80%5(a3a2n)8ch3, Khl(a,n)Schh, and Khl(a,Zn)Sch3 were calculated as
12,3, 22,8, 3.65, and 14,3 respectively. The masses for the calcu-
lations were taken from'Wapstra.59
hBelow a helium-ion energy of 34 Mev the100369~M9v gemms,
3

ray of Sc - was not seen on the Penco Model PA-3., Below a helium-
ion energy of 34 Meﬁ the Schhm/Schh ratio was measured by following
the decay of the 1,16-Mev gammawray peak of Schh.on the Penco Model .
PA-3 @s the 59-hour gt

transition. When scandium oxide was bombarded with 43-Mev helium
43

decayed into the 3,9=hour Schh by isomeric

ions, the 370-kev gamma ray of 3.92-«hour Sc ~ was seen on the Penco

Model PA=3, Since the 3,92-«hour Sc»1L3 has the same half life as 3.9~
43

hour Schh, the 1,05=Mev gemma ray of Sc¢ - cannot be resolved from

| v :
the decay of the 1,16-Mev gamma-ray peak of Schh. Since the 1,05~
Mev gsmma ray of Sch3 is not in coincidence with annihilation radia-

tion according to Nuclear Level Schemes, the 1,16=Mev gamma.ray of

Svclm in coincidence with annihilation radiation was measured by means
of a coincidence setup in order to measure the activity of pure Sc 45
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, The single—channel
pulse~-height analyzer was set on the annihilation peak., The variable
window width was set at a value that wopld include the entire ennihi-
‘lation-peak width, The gain position of the center of the annihilation
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peak was checked frequently to prevent loss of_counts becauge of drift
of the peak position, The counts from the single-channel pulse-height
analyzer were used to trigger the gete on the Penco. The gamma rays in
coincidence with the annihilation rediation were counted on the Penco,
The gate time was measured by counting two csl37
each shielded from the activity of the other,  The activity rate of one
06137 standard was measured by counting on the Penco without coincidence,

standards,

Then the activity rate of the same,Cs137 standard with the same geometry
was measured on the Penco with the coincldence setup in which the gate

137

was triggered by another Cs standard with a measured gate rate, From

this accidental singles rate, the gate time was calculated bj the formula

C x Gt = Cchance’

with C as Penco count rate without coincidence, G, as gate rate, 7 as
gate time, and cchance as accidental Penco count rate with coincidence,
The gate time was calculated to be 5,71 microseconds, This gate time
was used to correct the coincidence counting rate for s 13% accidental
singles rate on the 320-Mev helium-ion bombardment of S0203, 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 oscillbscopeo

In a 80203 targetu‘iombarded with 320-Mev helium ions, the 1,16-
Mev pegk of the 3.9-hour Sc activity was estimated to contain 3% of the
1,05-Mev peak of 3.9-hour Sch'3 by calculating from the amount of the 370~
kev peak of 8043, The counting efficiencies for the 0,370= and 1,05=-Mev
2l e Scm{'m/ScML

gamma rays were taken from Kalkstein, cross~-section
ratio was 0,61 from counting without coincidence with 4% correction for
Schs and was 0,62 from coincidence counting on amother bombaidment. When
coincidence counting was done on the lU-hour activity, the coincidence
counting setup was also used for the 59-hour ScmHn activity in order to
avoid making counting corrections,

In the 43-Mev helium-ion bombardments on ScZO and on K»Poh,
i g 3 3

the Sc cross-section ratic was measured by following the 1.16=-

Mev gemma-ray peak of Scm+ by means of the coincidence setup.
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Ly Ly

In the SclLS (33.7-Mev o,0a) Sc . and Knl'(20,7-Mev a,n) Sc
reactions, the gamma, rays were counted with a sodium fodide (thallium-
activated) crystal 3 inches in diameter by 3 inches high;in all other

bombardments 1.5-by-l-inch crystals were used.,
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VI. TREATMENT OF DATA ON ScJ'IJ+ ISQMERS

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

was computed after béckground and the Compton scattering from the 1,67-
Mev stack-up peak of 0.51- and 1,16-Mev gemma. rays were subtracted out,
Forty hours after bombardment, the 1, 16-Mev gemma pesk of Sclm
in transient equillbrium with its parent Schllm was decaying with the
59~-hour half life of Scyhm. When the time required to teke the count
rate veried from 5% to one=-third of the half life, the following formula
was used to determine the time T for which the measured count rate 1is

the correct rate:

-t > L 1.2 x4+ X8 w'g x> ]

At T 2 6 12

with t as the time when the counting period began, At as the length of
the counting period, and x as AAt. The decay constant hl for Sc)'Lhm was
taken as 0.0117 hour-l, end A, for Scm+ as 0,178 hour ™t or 0,00297 minal,
The 59-hour activity of Schh in transient equilibrium with
Schhm was extrapolated back to.the time to of the middle of the bombard-
ment, This gives the activiﬁg Ag of the 3,9-hour ScMF in transient equi-~
librium with the 59~hour Sc parent at time to if there had been equi-
librium at that time, The activity Ai of 59-hour Sc ™™ at time t was
found from . ' hl .
A = A (1 - x—) = 0.93k4 A, .
- The activity A2 of the 3,9fhour ScM which has grown in from the 59-hour
Se parent was calculated from the formuls
ﬁxlt Y . Aot =\t

A
_ 40 2 , v _ a0 1 2
AZ—A:‘_W (e - € ) —A2 (e e ).

This activity rate A was subtracted from the total activity rate during

N

a period of several hours after bombardment to give the activity A of
3.9<hour ScML which resulted directly from the nuclear resction and not

from the decay of the parent, 59-hour Schh@, The ratio
e} . L0
A : A ~A
—2 x 22y (1-4 = w1 =2
A 3.9 Mo A
0 2 o2
L

b T
equals the Sc /Sc cross-section ratio with oA2 as A2 at t e
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VII, -RESULTS ON Schh ISOMERS

hhm/Sc L5

Table V gives the Sc cross»sectlon ratlo when Sc

(spin 'T{/Z) was bombarded with heliim ions at 20,4-. to 320-= Mev energies, The
flrst column of Table V gives the Sc /Scm:L crossesectlon ratio, The
.second column gives the energy Qf the helium ions in Mev, The third
column gives several conditions undem which the 1,16=Mev gamma-ray peak
was measured. Slnce two dlfferent Penco Model PA-3 machines were used
for counting, the first, condltlon of measurement listed in the third
column is which of the two Pencos was used. When the count rate on the
Penco was high, the percent ¢f the time that the Penco was not‘countlng
was read (as percent) on a dead-time meter on the Penco, This dead~

time metem'reading ehould not be trusted to better than five units. The
counting rate was corrected for dead t:‘i.me° The dead time affects the
.isomervratio because the dead-time reading was close to zero during the
decay of the 59-hour Sc)'mm but was high during the,decay of the 3.,9-hour
Sc b formed in the nuclear reactlion, The second condition of measure-
ment listed im the third column is the:maximum.deadwtime reading re-
corded in the counting. Since two sizes of sodium iodide (thalliumm

. activated) cfystals‘were used in counting gamma rays, the third condition
listed in the third column is the dimensions of the crystal. vIn all
coincidence counting, only l,5~imchediame¢er by l-inch-high crystals were
used, The fourth condition listed in the third column is the data of the
bombardment When coincidence counting was used, thils is listed., When
the Sc /Sc cross-section ratio was corrected for 4% Se43 in the k-

43

hour activity from the ‘Sc 5(a,aZn)Sc reaction, this is listed in the
Jthlrd column, An additional part of Table V is the summarized listing
of" the average Scm’qn/Sc)'m ratio versus the average helium-ion energy.

A Table VI gives the Scz:f';;]f]/Sclm cross-section ratio when Kﬁl'oftspin
v3/2ﬂwas bombarded with helium iens at 10=-Mev to L43=-Mev energies, The
organizatlon of materlal in Table VI is similar to that in Table V. The
sample which gave 0.5 for Sc /Sc at 10 Mev in Table VI was only one-~

tenth as strong as the sample which gave 0,24 for Sc)'l'lml/Sc)'m at 10 Mev;
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Table V

Schhm/schh ratios for Scus(a,ah)Scuh reaction

Alpha energyA
(Mev) Condition of measurement

1.8 20.2 Penco No. 1, 2.5% dead time
: ~ 1.5xl-in. crystal. 8/5/57

1.6 20.7 Penco No. 2, 20% dead time
, ’ 3x3-in. crystal. 9/30/57

1.4 25.2 Penco No. 1, 24% dead titme
1.5xl-in. crystal. 9/3/57

1.2 25.3 Penco No. 1 and No. 2 14%
dead time 1.5x1-in. crystal.

9/9/51

1.5 33.7 Penco No. 2, 27% dead time
: 3x3-in. crystal. 10/14/57

1.6 - 33.8 Penco No. 2, 11% dead time
: , 3x3-in. crystal. 10/21/57

1.k 43.0 Penco No. 2 with coincidence
counting. 11/22/57
Always used 1.5xl-in. crystals
with coincidence counting.

0.58 320 Penco No. 1, O dead time
1.5x1-in. crystal. 2/28/58
Ratio corrected for 4% Sc
in the L-hour activity.

.0.58 320 Penco No. 1 with coincidence
counting. 2/12/58

0.71 320 Penco No. 1 - same sample 3s
above without coincidence
counting. 2/12/58
15% dead time. Ratio corrected
for 4% Scl3 in L-hour activity.

Scus(a,an)ScML results summarized

Energy 2004 25.2 33.7 43 320

SChhm/se”h 1.7 1.3 1.57 1.k 0.62
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as a result, the statistics that gave 0.5 for Schhm/Sc&h‘were much poorer

than the statistics that'gave.062h~forlSchh9/Sch4;' Since the samples had
decayed‘thfoughbl_l/z half lives before the first count was taken, the
scatter of the points on an activity-vérsus=time~plotvgave a larger chance

- for error for the Weaker‘sampleé

Table VI

Scm‘m/ScML ratios for K)'irl(Ot,n)Sc':)'m reaction

Wim . 4h Alpha energy
Sc /Sc (Mev) Conditions of measurement

0.2y 10 Penco No. 1, 5% dead time.
1.5 x 1=inch crystal.
11/11/57 -

0.5 _ 10 .~ Penco No. 1, O dead titie,
1.5 x l=inch crystal,
11/11/57 ‘

0.88 ' 43,3 ~ Penco No. 2 with coincidence counting,
12/17/57 |

_ Khl(a,n)Schh results summarized

Eﬁergy : 10 i3
Sékhm/Schh 0.3 20,1 0.9 £+ 0,1
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VIII, DISCUSSION

The compound—nucleus model is used for calculating the Schhm/Schh

isomer ratio produced by the following reactions: Khl (10=Mev a,n) Sc
and Sc45 (a,0m) ScmL
threshold,

The foilowing description is a brief summary of the compound-

and-Schs (p,pn) ScML at energies 0.4 Mev asbove

nucleus calculation. From the addition of the spins of the target nucleus
and the incoming particle, the spin Sa of thg.entrance channél is obtained, -
The angular momentum 2i_of the incoming particle combines with the entrance-
channel gpin %1 to give the s.pin.Jc of the c¢ompound nucleus, These steps

are followed through in order to obtain the percentages of the different
values of.Jc, The compound nucleus emits & particle to give a residual
nucleus, Addition of the spins of the residual nucleus and of the out-
going particle give the spin S, of the exit channel, The angular momentum

p

Zf of the outgoing particle combines with the exit-channel spin S, to equal
is
B .

calculated. From SB the spin 1240f the residual nucleus is calculatédc

These steps are followed through in order to obtain the percentagés of the

B

the spin of the compound nucleus, Jca Thus, the exit-channel spin S

different values of 12. The residual nucleus drops through a gemma-ray

cascade to either of the final products, Scuhm(l =T or 6) or Schh (1 =3
or 2), Thus, the yleld ratio of ScMm to Scm+ i1s obtained,

A, Compound-Nucleus Calculations

Blue and Bleuler60 gave the following decay scheme for Sclmm

4

and Sc ¢
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38 <oh)

2.5k, 0.12%

1.16, E2

ot
Ll

From this decay scheme, it is assumed that Sc and Sc™* have even

parity." »

k" (10-Mev ain) sc Calculation |
' The isomer ratio Schhm/Schh from the'Kh " (10-Mev a,n):Schu

reaction was calculated in the folldwing'way. The alpha-particle energy

of 10 Mev in the laboratory system gives an extrance-channel energy Ea
“of 9.1 Mev in the center-of-mass system, Since the target nucleus Kl*l
has a spin of 3/2+ and the alpha particle has O spin, the entrance-
channel spin Sa is 3/2+. In the entfance channel, the cross section
for the formation of the compound nucleus with a particular angular
momentum 1is given by the formulsa | | A

A () = (22 +1) = ’Xsz

(@),

withﬁ&.as the de Broglie wave length dlvided by 2=, Tz () as the trans-
mission coefficient for each £, and £ as the quantum number for the
orbital angular momentum according to which the square of the angular

momentum equals £ (£ + 1) £2., The wave number k = 1/&., The trans-
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mission coefficient T P (a) was obtained from Feshbach, Shapiro, and
Wei-sskopf,6l The following constants were calculated for use with the
table: '

Nuclear radius R = 1.5 Al/3 = 5,17,
z Z _ l.hh2 x 2.x.19

Coulomb barrier B = 1,442 R - 517 = 10,6 Mev;
2 =272 13,2
v, - hz ﬁ _ (1.05x10°771)° x (10°) = 5.17 Mev

2%6.65 x 10°2F x 1.60 x 10~

with K = 1053 cn™ and the alpha-particle mass M = 6,65 x lonzl" g and 1 Mev

equals 1.60 x lO"6 erg,
V /B = 0,49; h
2 ° . 6,65
g” = 0,069% z Z R M/MP.= 0.069% x 2 x 19 x 5,17 ¥ 3 67 = 54 b witn,mb as
proton mass; '
g =T.b o1
X=Ea/B=m='0,86 .
By using Vo/B =04, g =7, and X = 0.9, one reads off the values of lb/T‘6

from the table, The values of T,6 for different £ are:

)
y) T,
0 0,543
1 0,49k
2 0.394
3 0.250
4 0.121
5 0,0408
6 0,00983
7 0.00175
8 2,48 x 107%
9 2.63 x 107

The results of calculating o, (a) by the formula
y/

e, (@) = (26+ 1) A %E T, (@)

are shown in Table VII,
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‘Table VII

Findlngs from mathematical calculations for the
(lO-Mev a,n) Schh reaction

y) qéz(a) b4 Jg

0 0,543 | .7,30 . 3/2

1 1.48 ©19.9 . 5/2, 3/2, 1/2

2 1,97 © 26.5 - 7/2, 5/2, 3/2, 1/2

3 175 23.6 9/2, 7/2, 5/2, 3/2

L 1.09 O ¢ 11/2, 9/2, 7/2, 5/2

5 0.kh9 - 6.0h 13/2, 11/2, 9/2, 7/2
6 0.128. 1,72 : 15/2, 13/2, 11/2, 9/2
T 0,0262 0.35 ‘ 17/2, 15/2, 13/2, 11/2
8  0,00k21 0.06 19/2, 17/2,.15/2, 13/2
9 .0,000500 0.007 21/2, 19/2, 17/2, 15/2

The second column of Table VII gives o (@) in units of :rt)kzva
The third ¢olumn gives the percent of each £ valuéAwhich contributes
inside the nucleusf Jc,.the angular momentum of the compound nucleus, is
given in the: fourth column, The channel spin Sa and £/ combine to give
J.3

Jc = Z“‘Sa y °°°e° ’4e+San

For each Sa and £ combination, the percentage of Jc is determined by the
statistical weight,VZ‘Jé + 1, TFor example, where £ equals 5, the.Jc

percentages are given as shown below,

I, 2J,+1 % I,

13/2 - 14 1.92%
11/2 12 . 1.65%
9/2 , 10 1037%

7/2 8 . 1610%
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Table VIII shows the calculations of the percentage .of Jc formed

by alpha particles of various £ values.

Table VIIT

Percent of J_ formed by vectarial addition of 4:values to

the entrance-channel spin

Jg, 2J4 9 8 T 6 5 L 3 2 1 0
: J
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 14 0.0L 0,082 0,46 1.92
11/2 12 0.070 .0.40 1.65 4.90
9/2 10 0,33 1,37 L4.,08 8.4k
T/2 8 1,10 3,26 6.75 10.6
5/2 6 2.5 5.05 T.95 9.95
.3/2 k& 3.37 5.30° 6.65 T.30
i1jz 2 2.65 3.32

i

Table IX shows the percentage of Jc formed by even £ in %he

second column and the percentage of Jc formed by odd £ in the third column,

" Table IX
Percentage of_él'c formed by even and odd 4 —-—?l (10 Mev a,n) Scm+

Iy % J, from even 4 % J, from odd £ o
21/2 - 0,002%

19/2 0,02% 0,002%

17/2 0.02% 0.11%

15/2 0.54% 0.094%
13/2 0.47% 2,00%

11/2 5.30% 1.72%

9/2 4. 41% 9.81%

7/2 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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Cameron62,compared his formula for nuclear-level spacing with
experimental observations up to sbout J.= 9 and concluded that; to a good
approximation, the nuclear-level spacing was inversely proportional to
(20 +1). =

‘Since the bindlng energy of an alpha particle in the compound
. nucleus, SchB, is 8,Q-M5v.andan_is 9.1 Mev, the,exc;tation;energy of
the compound nucleus is 17.1 Mev, Since the binding energy of a neutron
in the compound nucleus Scl"5 is 11.3 Mev, the maximum kinetic energy-
available to the eﬁitted neutron is 5.8 Mev. Since the binding energy

of a neutron in Sc is 9.7 Mev, the reaction Kul(oc,Zn)Sch3 can not

ocecur,

209 with 35-Mev helium

_ Donovan, Harvey, and Wade63 bombarded Bi
ions over an energy range of T or 8 Mev, They used a nuclear temperature
© of 1.4 Mev, Their caleulation égrée& with the experimeh%al yields when
a,constant”nudleai temperature over several neutron:eﬁaporations wasg as=
suned in a simple eveporation theory. The reactions studied were (at,2n),
(q,3n), and (q,hn), Recoil ranges were measured to check the compound-
nucleus model, Itrrthe_ﬁx,zn)Iéacti@nthe'cdmpoundmnucleus model is appli-
cable up t017 Mév above.threshold, for the-(a;3n) reaction the compound-
nucleus modél‘holds at leasé to lS.Mév above threshold‘dnd perhaps at
-higher energiesz and for the (a@,4n) reaction the'oompoundanﬁcleus model
Wés checked at iow‘enérgiesq Chastel obtainea & nuclear temperature
® of 1.0 Mev for a 10-Mev excitation energy of -the residual nucleus in
afCu(Y}p)Ni reaction, In the calculations for the K (a,n)Schh reaction,
the nuclear temperature € was assumed to be 1,4 Mev, The ayerage energy
of the emitted neutron is twice the nuclear temperature or 2,8 MEV

Transmission coefficients T (a) for neutrons are taken from

- Feld, Feshbach Goldberger, Goldstein, and Weisskopf. 65 The following

constants were calculated for use with the graphs for ng

R=15Al/3'-531+
X =K 53hx103=3

o]
X=002231/-E—Tb7k;r-) = 0.22 % 5.3 —\/28 = 1.97.

The values of Tz for différent 4 for 2,8-Mev neutrons ares
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y) Tz
0 0.775
1 0,700
2 .0.455
3 0,130
The formula
2
o, = (22+1) = X T,

£
was used to calculate the cross section for emission of neutrons of dif-
ferent 4 values, |
Table X gilves the percentage of different £ values of the emit-
ted neutrons in the third column., The second column gives o0, 1n units

of nﬁi?, The law of conservation of parity, which operates. like the

. Table X

Percentage of /4 values of emitted neutrons

L o, | %b 4 % ¢ if £ odd % 4 if 4 even
Y/ :

0 0.775 12,8 | | 25,4

1 2.10 34,6 69.8

2 2.28 37.6 74,6

3

0.910 15.0 ‘ 30,2

multiplication of positive and hegative signs, is applied to the reaction
Khl(a,n)Schh,. The parity of K4;wis-even, and the intrinsic parities of
helium ions, neutrons, and protons are_evenh Since the shell model of the
nucleus shows that states having between twenty and forty particles have
odd parity, the assumption is made that for several Mev sbove the ground
state the parity of the odd-odd nucleus ScML is 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.neutron with Jc formed by an odd.ﬁ value of the
helium ion, the percentages of different £ values of the neutron are
taken from the fourth column of Table X, Similarly the fifth column
of Table X gives the percentages of 4 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: ‘ : : ,
(A + a) > B ——> (C + ¢)
(I, + 1)) +4 =39, = 4+ (I, + 1)
'Sa + ﬂi = Jc = zf + SB'a
'xHere B is the compdund nucleus, Zi‘and szare 4 values of a and c respec-
tively, Il and.IZ are spins of A and B respectively, il and i2 arée intrin-

siec spins of a and c respectively, %1 is .entrance-channel ‘spin, and Qé is
exit-channel spin, . Table XI shows the .combination of zf, the £ value of
the emitted neutron, with Jc’ the angular momentum of thé compound nucleus,

to give S the exit-channel spin, The first column of Table XI gives the

B)

percent of J formed by a helium ion With an even £ value, the second
column gives the percent of J formed by a helium ion with an odd £ value,
the third column glves J ) the fourth column gives . zf, the fifth column

gives the percent of Jc Wlth,thls specific combination of zi and £4_., the

. £?
sixth column gives the S, values which result from this combination of

B

ﬂf and Jc’ the seventh column gives the percentages of S

their statistical weights, 2 SB + 1.

Teble XII gives the total percentages of Sg

up from the preceding table, The exit-channel spin S is a combination

p

of the intrinsic neutron spin of 1/2 and the angular momentum of the

8 determined by

as they were added

residual nucleus I The thlrd column gives I, from the formula, i =

, 2 2
v B + 1/2. The fourth column gives the percent of I determined by its
statistical weight (2 I, + 1), The fifth and s1xth columns sum up the
results of these calculations to give the splns of the residual nucleus

at an excitation energy of 3.0 Mev,
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Table XTI

Methods of the mathematical calculation
KulL;O-Mev a,n)Schh

7 ; 7 reaction
FJ if % J if )
£, Sven ﬂi 5ad 'Jc zf combination Sﬁ b SB
0.002 21/2 1 0.001k 23/2  0.0005
21/2 0.0005
19/2 0. 000k
3 0.0006 negligible
0.02 0.002 19/2 1 0.00L4 21/2 0.0005
19/2  0.0005
, 17/2  .0.000k
3 0.0006 negligible
0 0.005 19/2 0.005
2 0.015 23/2 0.004
21/2 0.003
19/2 0.003
17/2 - 0.003
15/2 0.002
0.02 0.11 i7/2 0 0.005 17/2  0.005
2 0.015 21/2 0.00L
-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 0.0047
15/2 0.0042
13/2 0.0037
11/2 0.0010
0.54 0.094 15/2 0 0.14 15/2 0.1k
0.54 0.094 A15/2 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 % 2
L. &ven 2, Sad J, £,  comfination ?B % Sq
-3 0.028 21/2 0.0055
- 19/2 0.0050
17/2 0.0045
15/2.  0.004%0
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 0.47
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 0.07h
9/2 0,061
7/2 0.049
5.30 1.72 11/2 0 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
7/2 0.527
1 1.20 13/2 0. 466
11/2 0.%00
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
7/2 0.0495
5/2 0.0372
hoh1 9.81 9/2 0 1.12 : 9/2  1.12
2 3.30 13/2 0.92k4
11/2 0.793

9/2 0,660
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Table XI (cont'd.)

% J if % J_ if %8
Ili €ven ,Zi Saa J o £ f combination S 5 % s 5
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 0.424
7/2  0.338
. 5/2 0.254
IR 9.81 9/2 3 2.96 3/2 0.169
13.9 7.85 /2 O 3.53 7/2  3.53
2 10.k4 11/2 3.12
9/2 2.60
7/2 2.08
5/2 1.56
' 3/2 1.04
1 5.48 9/2 2.28
7/2 1.83
. 5/2  1.37
3 2.37 13/2  0.593
11/2  0.508
9/2 0.h2h
7/2  0.338
5/2 0.254
3/2 04170
1/2 0.085
10.4 15.0 5/2 0 2.64 5/2 2.64
2 7.76 9/2 2.58
T/ 2.07
5/2  1.55
3/-2 1.0k
1/2  0.518
1 10.5 7/2 Lh.66
5/2 3.50
3/z  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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Teble XI {contld.)

pd, if B J, if - % 4
£, éven . £, odd J Y combinations S, % s
i i c B B
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 9.41 7/2 3.76
5/2 2.82
~3/2 1.88
1/2 0.941
1 6.98 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 1/2 0 0.67h4 1/2 0.674
2 1.98 5/2 1.19
3/2 0.793
1 2.32 3/2 1.55
1/2 0.7Th
3 1.00 7/2 0.571
5/2 0.429
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Table XII

Derivation of the percent of 12 values
for the Khl(LO-Mev (le.,n)ScML reaction
SB % SB I, %.12- I, % I,
23/2 0.011 12 0.006 12 0.006
‘ 11 0.005 11 0.015
21/2 0.019 11 0.010 10 0.151
10 0.009 9 0.379
19/2 0.27L 10 0.142 8 1.72
9 0,129 7 - 3.69
17/2 0.473 9 0.250 6 - 8.66
8 0.223 5 14.23
15/2 2,82 8 1.50 L 20.5
T 1.32 3 22.6
13/2 b, 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
9/2 15.70 5 8.64
L 7.06
7/2 23.88 4 13.4
3 10.5
5/2 20.78 3 12.1°
2 8.66
3/2 15.35 2 9.60 -
1 T5.75
1/2 4,37 1 © 3.28
0 1.09
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By means of gamma cascades, the residual nueléusvgoes to the
final products, Sct™ (I = 7 or 6) and Sscl*lL (I =3o0r2), Itis assumed
that all the Iz»values grester than 7 or 6 decay to 7 or 6 and that all
12 values less than 3 or 2 decay to 3 or 2. 12 values within one unit
of an isomer spin are assumed to go to that isomer.  The spin'state.midm
way between the two isomers is dlvided between the isomers on the basis
.of their statistical weights.

With the assumption that the spin of Schhm is 77 and the‘spin
" of Sc)'l')+ is 3, one finds that the ratio of the cross section for the
metastable state, ¢ n’ to the cross section for the grozﬁg state, Ug’ is
crm/og = 0,32, Wlth the assumption that the spin of Sc is 6 and the
spin of Se¢” is 2, one finds that the cross-sectlon ratio is om/cg =
0.77. These ratios of o /c~ are. for the Kl‘Ll (10-Mev a,n) Scuu reaction,
and the experimental yield ratlo, Sc /Sc , for this reaction is 0.3.
St’susr(Ot,Otn)Scm+ Calculation

In a similar way a compound-nucleus model was used to calcu=
45(oz om)ScML at 0.4 Mev gbove the thresh-
ik and the SCAS(p,pn)Sclm reactions

late o /c for the reaction Sc
0ld. The Q value for the Schs(a an)Sc
is 11.3 Mev, which is the threshold in the center-of-mass system. In
order to make it probable that the two emitted particles will get out of
the nucleus, the entrance-channel energy'ﬂa is taken to be 0,4 Mev abé%e
the Q value, Therefore, E_ is 11,7 Mev in the calculations on both the
reactions, Sch5(a,an)5chu an Scus(p,ph)Schha

‘With the use of VO/B = 0,5, g = 8, and X = 1.0, one finds the

following transmission coefficients T, for helium ions from Feshbach,

€1 y)

Shapiro, and Weisskopf:

£ 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

b 0.285 10 7,05 x 1072

5 0,143 |
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~ Since the spin of Sch5.is 7/2~, the entrance-channel spin S,
is T/2=, . N - v '
The formula
5, (@) = (20 + 1) x%'1, (@)
y/
was used to calculate the cross section for compound-nucleus formation
by alpha particles of various £ values; and Table XIII shows the results
of these calculations., The anguler momentum of a compound nucleus is
Jc = ! £ - ﬁx s ", h + Sa

_Teble XIII
Findiﬁéé'from mathematical calculations for the SchS(G,an)Scuh reaction
Y/ ccﬁ(a)_: %4 Jo
0. 0,655 4,89 /2
1 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, 7/2, 5/2, 3/2, 1/2
Lo2,57 19.2 15/2, 13/2, 11/2, 9/2, 1/2, 5/2, 3/2, 1/2
5 1,57 11,7 17/2, 15/2, 13/2, 11/2, 9/2, 7/2, 5/2, 3/2
6 0,658 %.90 19/2, 17/2, 15/2, 13]2, 11/2, 9/2, 7/2, 5/2
7 0.22%4 1.67  21/2, 19/2, 17/2, 15/2, 13/2, 11/2, 9/2, /2
8 0,052% 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 0,00148 0,0110 27/2, 25/2, 23/2, 21/2, 19/2, 17/2, 15/2, 13/2

Each Sa and ﬂ.combination_forms Jc vélues proporticnal toc their statisti-
cal weights, 2 Jc + 1, Table XIV shows the percentage JC formed by alpha
particles of both even and o0dd £ values,

Compound nuclei formed Jjust above the energetic threshold with
odd barity will be les¢ 1likely than those withleven parity to form (a,on)

and (p,pn) products for the following reasons:
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Table XIV
Percentage Jc formed by eﬁen and odd £ values~~Sch5(a,an)Schh
Jc ‘ even 4 ' 0dd £
27/2 0,00183 - CLEI Ll
25/2 0,00170 . 0.0124
23/2 ' 0,0706 - .0,0115
21/2 0,0646 0.317
19/2 1,002 0.288
17/2 0,901 2.66
15/2 5.06 2.36
13/2 b4 T.77
11/2 995 - 6.67
9/2 8.29 ' 11.33
/2 11,51 : - 9,07
5/2 B =TS | 6.72
3/2 3,12 2,16
1/2 10,533 ' 0.815

(a) Since.the shell model of the nucleus shows that states hav-
ing between 20 and 4O particles have .0dd parity, the assumption is made
that for several Mev above the ground state the parity of the odd-odd

W .
nucleus Sc ~ is even, v

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

are shown as follows:

45 L :
Sc + o —> Sc + O+ n
. ' B -
odd odd even even .

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

produced the (a,an) reaction had odd parity.
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Jc equals the combination of the sum of the /. values of the
emitted particles and the exit-channel spin S,; that is,

B
Jo =14 "8 |» o0 Ap ¥ B

Since ﬂf is zero, the angular'moméntum of the c¢émpound nucleus Jc equals
the exit=-channel spin SB° The exit=channel spiﬁ Sﬁ is a combingtion of
the spin of the residual nucleus 12 and the intrinsic spins of the emit-
ted particles; that is, I, = SB + 1/2, Table XV shows the calculations
of the spins of the resjdual nucleus I2° m n
With the assumption of I = 7 for Sc and I = 3 for S¢ ', one
finds that the cross=-section ratio om/og fzimisomervformation ii qﬁ/og =
0.87. With the assumption of I = 6 for Sc and I = 2 for Sc' , one

finds that o /o is 2.0,
m' g

Schs(plngSclm Calculation

In a similar way a compound-nucleus model was used to calculate
cm/cg for the Schs(p,pn)Sclm reaction at O,4 Mev above the threshold,
The constants calculated for use with the tsbles of Feshbach, Shapirc,

and Weisskopf6l 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 Tﬁ for X ﬁalues of
1.8 were used as shown belows:

£ .Tz

0 0.800

1 0,765

2 0.660

3 0.457

L 0.195

5 0.0482

6 0.00571

T 0,000635
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Table - XV

Derivation of the percent of I, values for

2

the _Schs(a,an)Scub' reaction
%ﬁ . % Sﬁ 412 % 12 Ig » ;o;:l
25/2 0.0248 13 0.0129 13 0.0129
, 12 0.0119 12 0.0239
23/2 0.0230 12 10.0120 11 0.343
11 0.0110 10 0,605
21/2 0.63%4 11 0.332 9 3.08
10 0.302 8 5.03
19/2 0.576 10 0.303 T 10.55
9 0.274 6 1h. 41
17/2 5.32 9 2.81 5 18.6
8 2.52 L 20. 4
15/2 4,72 8 2,51 3 15.79
' ' 7 2.22 2 8.30
13/2 15,54 7 8.33 1 2,84
' ’ 6 7.17 0 0.408
11/2 13.34 6 7.24
5 6.11
9/2 22.66 5 12.5
L 10.2
7/2 18.14 i 10.2
3 T-9k
5/2 13.544 3 7.85
2 5.60
3/2 4,32 2 2.70
1 1.62
1/2 1.63 1 1.22
0 0.408
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The formuls o .
s (@) - (2s+1) AT, (@
c y/
L
was used to calculate the cross section for compound-nucleus formatlon
by protons of various £ values, and Table XVI shows the results of these

calculations.

Table XVI

Per cent £ values in the formation of the compound nucleus in
the Schs(p,pn)Sc h reaction

y) °c£(a) | % 2

o} 0.800 6,68
1 2.30 - .19.2

2. 3.30 27.6

3 3.20 26.8

L 1.76 1,7

5 0.530 4,43
6 0,0743 0,620
T 0.00953 0.0796

The entrance-channel spins are S, = 7/2 %+ 1/2 = 4 or 3, which |
are presenﬁ in proportion to their statistical weights, 2 %a + 1, there-
fore the entrance-channel spins of 4 and 3 comprise 56,2% and 43,7% re-

spectively of the entrance channel,

As in the Schs(a,an)Sc t reaction, the / Value of the incoming

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

percentgges of Jc formed by the different combinations of Sa and £,
From each combination of S and 4, the percentages of {c are

proportional to their statistical weights, 2 J + 1, Since the emitted

proton and neutron are s-wave, the angular momentum of the compound

nucleus Jc equals the exit-channel spin S The spins of the emitted

B’ v
proton and neutron may add up to 1 or cancel to O, The calculations for

the spin I, of the residual nucleus are shown in Table XVIII, From each

zv
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Table XVII

Findings from mathematlcal calculations for the Sc 5(p},pn)ScML :eaction

S £ % g, formed J

o c
Ly 1 16,6 3, 4 5
3 1 21k 2, 3, L
k3 29,9 1.2, 3, % 5, 6, 7
3. 3 23.2 0, 1, 2, 3, k4 5, 6
b5 h.on 1, 2, 3, .4 5, 6, 7, 8 9
3 5 3.8k 2, 3, 4 5, 6, 7, 8
Y7  0,0887 3, 4 5, 6, T, 8 9, 1o, 11
3 T 0,069 b, 5, 6, 7, 8, 9, 10
value of SB, the percentages of I2 are.determined by their statistical.
weights 2 I2 + 1, The total percentages of the spin I of the residual

nucleus are also given in Table XVIII,
The isomer ratio o /U 1is calculated a5 1% wes for the
45(a o:n)Sclm reaction, For Sclmm (1 = 7) and SclLlL (I =3), cm/cg
= 0,73, and for Schhm (I =6) and sClL (1 =2), om/cg = 1,76,
‘ In bombagdments of Bi 209 v

range of T or 8,MEV,:Donovan,rHarvey, and.Wade63vfound by measuring

with 35-Mev helium ions over an energy

recoll ranges and angular distributions that the compound-nucleus model
holds for energies up to 7 Mev and 18 Mev sbove threshold for the (&,2n)
and (0;3n) reactions respectively, The trend of these figures indicates
that an (o,n) reaction would not go by ‘a’ ¢ompound~-nucleus mechanism gt
energies of more than a few Mev above threshold, Therefore, the K'l”1
(10-Mev a,n) Schh'reaetion, which is 5.8 Mev above threshold,; may not
proeeed by a compoundénucleus mechanism. Consequently, the agreement
between the experimental o /c value of 0,3 and the calculated o /o of
0.3 for the K (lO-MEV a,n)Sc h reaction may be accidental. Similarly
the Sc%s(ZO=Mev a,n)804 ' reaction, ‘which is 8 Mev above threshold, may
not proceed by a eompouhd'nucleus mechsnisnm, '

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

lations,

L]
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Table X¥III

Derivation of the percemt of I

2

values for

the Sc 5(p,pn)SchF reaction

B % Sﬁ Iz i Iz
11 0.0151 12 0.00547
- 11 0.00504
10 0.00459
10 0.0276 11 0.0101
10 0.00920
9 0.00832
9 0.973 10 0.358
9 0.324
. 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
6 4,58
5 3.87
| 2
5 18.37 6 7.2k 12
5 6.12 11
h 5.00 10
9
4 2h,22 5 9.85 8-
N 8.06 7
3 6.26 6
5
3 18.8% I 8.07 N
3 6.29 3
2 4. 49 2
1
2 10.37 3 4,84 0
2 3.45
1 2.07
-1 2.53 2 1.4
1 0.843
0 0.281
0 - 0.473 1 0.354
0 0,118

Total
% I

0,00547
0.0151
0.372
0.972
bt
8. 71
14,35
19.84
21.13

I7.39

9.35
. 3.27
- 0.399
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- Table XIX

Results of compound=nucleus calculations

Experimental

" Entrance- Isomer . Calculated
channel spins o /o o /o
Reaction energy m g m ) g
Kgika,n)Sc}u 9.1 753 0,32 0.3
. 6,2 077
Scl"5(.oz,an)8cML 11,7 753 0,87 -
' 6,2 2.0
Iy . 4l .
8¢ (p,pn)se 11.7 7,3 0.73 0.52
_ 6,2 1,76
B, Qualitative Remarks

Table XX summ
by

of Scme to Sc

°

arizes the experimental data on the yield ratilo

Table XX

Yield ratio Ss;mm/ﬁ‘,cuIL reported by various experimenters

Projectile g m 5 L
Author Reaction energy ¢ /8e
(Mev)

J. W, Meadows, chhs(p,pn)Schh 13 0.52
R. M, Diamond, and o :
R. A, Sharpt 20 0,55
60 to 100 0.41

This work ’Sclﬁ((:t,(:tn_,)Sc)'m 20 1.7

25 to 43 1.4

- 320 0.62

K (a,n)8e ™ 10 0.3

k3 0.9

9 .
Boehm Calm(p,n)Sclm 6.7 - 0.077
66 .

Vinogradov Proton "fission" 480 0.77

of copper

Y
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Stnce Ti™*, the parent of Sc', has & half life of 1000 years,3C
the scandium isomers of mass il are effectively shielded; therefore, the
measured yields of Schhm and ScML from fission are the independent yields,
which are formed directly from fission and not from a beta-decay chain.

In.thevexperimental procedures of MEadows, Dismond; and Sharp;lh
any Sch3, which might have been present from an SC%S(ppp2n)Sch3 reaction,
was counted as Schhp If an appreciable amount of S«:zll'3 was present,.the
measured Schhm/Schh ratio from the (p,pn) reaction would be smaller than
it should be, The threshold for the 3c1*5(p,p2n)3c1‘3 reaction is 21,4 Mev,

It is assumed that the SCLS(ayan)Schh reaction in the 20= to
h3-Mev energy range does not go by tﬁéycompoundanucleus mechanism for the
following reasons. The Coulcomb bérrier for the helium ion is agbout 9.1
Mev, and the binding energy of the neutron in S«cl”5 is 11,3 Mev, There-
fore, at a projectile energy of 20 Mev a helium ion and a neutron will
not be evaporated from a compound nucleus, Since the experimental isomer
ratios are 1,7 at 20 Mev and 1.4 in the 25- to 43-Mev energy range, these
similar ratios indicate that the mechanism at 43 Mev is the Same as that
at 20 Mev., Therefore;, these energetic considerations indicate that a
compound.-nucleus mechénism which evaporates a helium ion does not occur
in the 20~ to 43-Mev energy range for the Sch5(ayan)8chh reaction, Further
reactions which could give the Sec " isomers are:

- Schs(ap2p3n)Schh, ‘

Sch5(a9dp2n)Sch4,

scl‘5(a,2dn)s@m’”,

Scf')+5 (ocytpn)ScM, and

Schs(a,td)ScMy
with thresholds of 43, 41, 38, 34, and 32 Mev respectively. The constancy
of the experimentsl isomer ratio in the 25~ to 43-Mev energy ranges ex-
cludes the contribution of these reactions aboﬁe their thresholds,

The large yield of the (0,0mn) reaction on U238 in the 25« to
45-Mev energy range was attributed to a knock~on mechanism and not to a
compound.~nucleus mechaniSm‘By Vahdeanséh,-Thgmas;'Vandenbosch; Glass,
and Seaborg,zo They used a compound-nucleus model to calculate the cross

sections for the (a,n), (a,2n), (@,3n), and (a,4n) reactions on U233 ana
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the (a,2n), (o,3n), and (,4n) reactions agreed with their calculations,

; and the experimental cross sections,measurediradiochemically for

However, the experimental cross sections for the (o;n) reaction did not
agree with their calculations. They assumed a direct-interaction mech-
anism for the (a,n), (a,p), and (o,t) reactions, However, with these
fissionable nuclei, the reactions which'involve compound-nucleus forma-
tion are largely eliminated by fission competition. In a nonfissienable
nucleus like Schsy the prominent compound-nucleus reactions usually mask
out any small gmounts of direct~interaction reactions.

In bombardments of Bizo9
range of 7 or 8 Mev, Donovan, Harvey, and-Wadé63 found by measuring recoil
ranges and angular éﬁstmibutions that the cdmpound—nucleus model holds for
energies up to 7 Mev and 18 Mev sbove threshold for the (a,2n) and (c,3n)

with 35-Mev helium ilons over an energy

reactions respectively, The trend of these figures indicates that a
(a;n) reaction would not go by a .compound-nucleus mechanlsm at energies.
of more than s few Mev sbove threshold, Therefore, the K (lOwMev a,n)
S,cl"llL reaction, which is 5,8 Mev above threshold, may procede by a kneck-
on mechanism. At a helium-ion energy of 43 Mev, the K (a n)Schh re=-
‘action certainly goes by a knock~on mechanism rather than a compound-
nucleus mechanism, Similarly, the Sc 5(20--Mev a an)Schh, whidh is 8 Mev
above threshold, would not be expected to proceed by a compoundnnucleus
mechanism, The similarity of the isomer ratios in the 20- to L43=Mev
energy range show that the Scus(a,an)SchA reaction at projectile energies
of 20 Mev and above proceeds by a knock-on mechanism,

| Meadows,‘Dianond, and SharpllL attributed the constancy of the
Schhm/Sc ratio from the Sch?(p,pn)Schu reaction at higher energies to
the onset of a knock=-on mechanism. They obtained a similar constancy in

58

* the isomer ratios of Br80 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 increasing energy. The results of their
calculations for the Schs(p,pn)ScLm reaction are:

Projectile energy (Mev) 11 11 20 20

Isomer spins 7,3 6,2  T,3 6,2

Calculated om/og 0,8 1.7 1.2 2.6
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Since the .compound=-nucleus calculation gives an isomer ratio of 1,2 at
20 Mev, in disagreement with the experimental ratio of 0,55, it is 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,
Harvey, and-Wade,,63 With the possible exception of a projectile energy
of just above threshold, the Scus(pgpn)Scuk reaction goes by a knock=-on
mechanism, The small difference in the Sclmm/Sclm ratio between 13 Mev,
which is just above threshold, and 20 Mev indicates that the 3045(p,pn)
Sclm goes by a knock-on mechanism at all the energies at which the isomer
ratio was measured,

e Sc’?(p,pn)Sc ™ and Sc*?(a,an)sc

either of the following two knock-on mechanisms: (a) the charged parti-

Ly

reactions can proceéd by

cle strikes a neutron and both particles go out; (b) the charged particle
hits a neutron and bnly one of the two particles escapes directly; the
other particle is captured to form é compourid nucleus which boils off
another particle to form the final nucleus, Because of the Coulomb bar-
rier for the alpha particle, it 1is more likely in the latter mechanism
that the alpha particle is inelastically scattered and the neutron is
boiled off from the compound nucleus, A knock-on calculation for the

former mechanism is done below.

C. Knock-on Calculation

Ly

45( hs(a,an)Sc re=

This calculation is for a Sc p;pn)Schu or Sc
action in which the charged particle strikes a neutron and both parti-
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
interact classically with only one nucleon, the energy of the projectile
must be high, Goldberger67 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 neutron the wave length:
divided by 2r was only 1/18 the nuclear radius, '

The binding energy of the least bound particle.in the nucleus

of Scuh is the.6°87-Mev binding energy of a proton, The Coulomb barrier
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for the proton is V' =0.7 V.= 0.7 x 5,60 = 3592:MEV;68 ‘The addition of

the proton binding energy and the Coulomb barrier gives a total of 10,8~
Mev excitationvneeded-to eject a proton from the Schh,nucleus,‘but the
binding energy of a neutron in Scuh 1s only 9.86 Mev. Therefore, the
energy -level of all neutrons knocked out of the nucleus of Scur5 in a
.knock-on,reaction‘must be not lower than 9,86 Mev from the top level in
Sc A& which has pafticles 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 f7/2, 3/2 1/2
knocked out in a knock-on reaction, and the avallability of neutrons in

the 1 d5/2 level 1s questioenable,

, and 2 s levels are certainly available to be

A calculation for s knock=on resctiom, S¢ 5(p,pn)ScLh or

16(oz,an)Sclm

s is now made with the assumption that the neutrons in the

1 f7/2, 1 d3/2, and 2 Sl/z Jlevels have -equal probabilities of being knocked
out. The spin of the knocked-cut neutron adds vectorially with the 7/2
spin of the Scl"5 target to give the spin-I2 of the residual nucleus, which
. is assumed to gamma-cascade to the isomer products of Sclmm (spin of T or
6) a:cld-S,cm+ (spin of 3 or 2). Table XXI shows the combination of neutron

and target spins to give the spin-Iévof the residual nucleus,

Table XXI

Vector sddition of neutron and target spins

to give spin‘Iz.of residual nucleus

Number of Spin of IZ" Percentage of
neutrons neutron : : this combination
ll' 7/2 7’615})4')31291)0 )-I-O%
oo 3/2 5,%,3,2 hop

2 " 1/2 k3 R A - 20%

ThevI spin velues are formed in proportion to their statistical.weights,
212 + l The percentages iof I .are shown below:



9.38
8.13
20,7
28,2
21,9
9.37
1,87
0.63

O H M W & U O

These spin states gammawcascade to the isomer nesrer in spin, and the
Iz-spin midway between the isomer spins goes to both isomers in pro-

portion to their statiéticél weights, If the spins of Scl_mm and Scm+
are T and 3 reSpectivély, the cross~section ratio of Schhm to Schh is

0.4, and, if the spins of Schhm'and Sclm are 6 and 2 resﬁectively, the
ratio of’schhm/Schh_is 1.k, |

'A‘similar calculation for the same knock-on reactlon is made
with the.additional'assumption that the six neutrons in the 1 d5/2
are also equally availlable for a knock=-on reaction. Table XXII shows the

level

combination of neutron and target spins to give the spin.Ierf the
residual nucleus.
. Teble XXIT

Spin I2 from neutron and target spiné

Number of Spin of . Percent of . Ié
neutrons - neutron neutrons
L 7/2 25,0% T56555%4,3,2,1,0
W 3/ 25,09 5,4,3,2
2 - 1/2 12.5% 4,3

6 5/2. - 37.5% 6,5,4,3,2,1
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The Iz.spin values are formed in proportion to their statistical weights,

The percentages of'I2 ares

I2 % 1
7 5.86
6 15.3
5 21,50
- L 2k .64
3 19,12
2 9.7>
1 3.51
0 0.39
These spin states gamma -cascade to the isomer products as in the previous
calculatlon° If the spins of Sclmm and ScML are T and.3 respectively,
the cross-section ratio of Scuym to.Scuh is 0.56, and, if the spins of
Sclmim and Scm+ are 6 and 2 respectively, the ratio of Sclmm/ScML is 1.5.
The results of these two calculations for the knock-on re-
actlons, Sc 5(04,ozn)ScmL or Schs(p,pn)Scuh, are sumerized below:
Neutron Levels: 1,f‘772, 83750 28 /2 i R AL
golthm g - - -
for spins 7, .3 0,46 0.56
/gt | |
for spins 6, 2 1.4 - 1,5

D, Comments on Knock-on Results

Table XXIII shows both calculated and experimental isomer
ratios of Sc /S

It is observed that the calculated isomer ratlo, 0.4 or 0.56,
from the knock-on calculation agrees falrly well with the experimental
isomer ratio 0,62 for 320-Mev helium ions., The de Broglie wave lengths,
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Table XXITT

Igcmer ratios Sclmm/Sclm

P

Projectile  Isomer oﬁ/og _ 'Um/og
Reaction 'e?ﬁzsg spins calculated -experimental
5¢" (p,pn)sc ™ 12 7,3 0.73 0.52
6,2 1.75 '
20 7,3 1.2 0.55
| | 6,2 2,60 |
sc*(a,an)sc 20 | 17
25-43 4 1.k
320 } 0.62
Sc%(ﬁ,pn\)ScM or 7,3 0,4 or 0,56
Scus(apan)Sch% by a 6,2 1.4 or 1.5

classiCal knock=on
mechanism in which
both particles go out,

i

- ,
These ratios were calculated by Meadows, Diamond, and Sharp.,l5

A =h/ 2mE, for various particles are:
A (fermis) 0.80 2,27 6.37
Particle 320-Mev O ho-Mev 20-Mev p

Since the de Broglie wave length for 320-Mev helium ions is 0,80 x 10D13
cm or 0.80 fermi, +the 320-Mev helium ion is assumed to be small enough
for the classical knock-on calculastion to be valid. However, since the
de Broglie wave lengths for 40-Mev helium ions and 20-Mev protons are
2.27 fermi and 6,37 fermi respectively, these low-energy particles are
too large for the classical knock-on calculation to be valid, and &

_ quantum-mechanical calculation for a direct interaction should be made

by the method that 8. T. Butler7o used., Such a quantum-mechanical
calculation may give an isomer ratio which is different from the classi-
cal knock~on calculation. This direct interaction takes place on the

surface of the hucleus.
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Butler points out such reactions as (n,p), (p,p'), (a,a'),
(a,p), etc. have as much chance of proceeding directly ésrdbes the
deuteron stripping or pickup reaction.- In addition to quantum-mechaniceal .
calculations fbr these direct reactions, Butler gives the following semi-
classical picture which shows the qualitative features 6f the angular
distributions. . When the projectile has a "grazing collision" in the
surface shell of radius L the orbital angular momentum A L imparted
to the initial‘gycliys through the surface collision is A L =£%, which
equals A L = * p X rol , with p as the linear momentum imparted to the
nucleus, The £ value adds vectorially with the spin of the nucleus and
the spins of the incoming and outgoing particles fo produce the spins of
the’residual nucleus, |

When both particles have the same energy, the helium ion has
twice as much angular momentum for the same impact parameter as the
proton. Therefofe,fthe lsomer ratio from the (a,an) 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 (a,on) reaction is about three times the ratio from the (p,pn)
reaction. | .
It isvlikely'that the Scns(p,pn)Scuh‘reaction actually is a
SchS(p,d)ScML pickup reaction, |

E. Summary of Conclusions

From a literature survey on the experimental isomer ratios
from fission, the following conclusions are drawn., There is only one
isomer ratio which may be independent of thérmalfneutron fission. The
other isomei ratios from thermal-neutron fission are yields from beta-

decay chains., In low-energy fission below 45 Mev, a lack of independent

. isomer ratios prevents drawing éonclusidns about the fission process. ' -
In high-energy fission, the Workvof Biller25 and of Hicks and Gilbert26
and the results in Table IIT on the CdllSm/Cd115 ratio support the sug- .

gestion that high-energy fission is a high-angulér-momentum phenomenon;
however, Jodra and Sugarman'sul Nb95m/1\lb95 ratio does not support this

high-angular-momentum suggestion.
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Table XXIV summarizes the results of the compound-nucleus

calculations,
i - Table XXIV
' o /d
Entrance~channel  Isomer
Reaction energy spins Calculated ExPerimental
lPl(a,n)Sc:lm 9,1 Ts 3 - 0.32 0,3#0.1
o 6, 2 0.77 - |
SC)+5(O!,an)SC)+)+ 11.7 T, 3 0,87
6, 2 2,0
L
52" (p,pn)se " 11,7 7,3 0.73 0.52
~ 6, 2 1.75

The agreement between ‘the experimental c /c value of 0.3 and .the calcu~
lated o /o of 0.3 for the K (lOmMEV a n)SclF reaction may be accidental
because the reaction mechanism may be a knock-on or direct-interaction
mechanism insﬁead of a compound-nucleus mechanism, It is assumed that
the Khl(h3=Mev a,n)Scuh reaction procedes by a knock¥on mechanism,

It is concluded that, with the possible exception of a pro=
Jjectile energy Jjust above threshold, the .."3@45(p,pn)Scl!’)+ reaction goes by
a knock-on mechanism, It is, however, likely that the Schs(p,pn)Schh
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)ScML reaction in the 20- to
43-Mev energy range goes by a direct-interaction mechanism rather than
a compound=-nucleus mechanism,

Ly

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

Ly

a,an)Sc réaction in which the charged particle strikes a neutron

hs(

or Sc
and both particles go out, In this classical calculation, the energy of
the projectile must be high enough for the wave length‘to be small encugh
to enable the projectile to interact classically with only one nucleon,
The reéults of the classical knock-on calculations are shown belows
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Sclv‘.l'm/ScM for spins 7 and 3 . 0,51 + 0,05
Sclmm/ScML for spins 6 and 2 1,42

The Scuhm/Schh,ratio for 7 and 3 spins agrees fairly well with the ex-
perimental isomer ratio 0.62 for 320-Mev helium ions, and the de Broglie
wgve length for the 320=Mev helium ion is aésumed to be small endugh for
the classical knodk-on 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 knock=-on calculation to be
valid,'é Quentum-mechanical calculation for a direct interaction should
be made by the method that Butler °

calculation may give an isomer ratio which is different from the classi-

used, Such a quantum-mechanical

cal knock-on calculation. Butler points out that such reactions as (n,p),
(p;p'), (a,a®), (a,p), ete. have as much chance of proceeding directly
as-does the deuteron stripping or pieckup reaction,

When both particles have the same energy, the helium ion has
twice as much angular momentum for the same impact parameter as the pro-
ton., Therefore, the isomer ratio from the (ayan) reaction would be ex-
pected to be higher than the isomer ratio from the (p,pn) reaction. 1In
the 20~ to 43-Mev energy range, it is observed that the isomer ratio 1.5
from the,(a,an) reaction is about three times the ratio 0,5 from the
" (p,pn) reaction, |
It is likely that the Schs(p;pn)Sckh reaction actually is a

SchB(p,d)ScML pickup reaction.
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