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Excitation Functions and Yield Ratios for the Isomeric Pairs Br"",Co" ",
ertd SC44" FOrmed in (p,pn) ReaCtiOnS*
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Excitation functions and yield ratios for isomeric pairs have been measured from near threshold to
100 Mev for three (P,Pu) reactions. The results are interpreted in terms of the spina of the states involved,
the angular momentum of the bombarding particle, competition between compound nucleus formation
and the knock-on mechanism and the level density in excited nuclei as a function of spin.

INTRODUCTION has been shown that, in at least one case, the statistical
weight ratio presents no limiting value. '' "

UCLEAR reactions are usually considered as pro-
ceeding by compound nucleus formation' at

energies &30 Mev and by the knock-on mechanism' at
energies &100 Mev. The two mechanisms can lead to
the same intermediate nuclei with about the same
excitation energy but with di6'erent distributions in the
values of angular momentum. This should result in a
diferent distribution in the yields of end products when
they diGer greatly in spin, as do nuclear isomers.
A study of the excitation functions and relative yields
of isomeric states produced by a simple reaction from
threshold to 100 Mev might help show up changes in
the reaction mechanism with energy.

Since most of the data in the literature' ' on isomer
production have been obtained in low-energy reactions,
no coherent picture of the variation of relative yields
with energy or of the eGect of reaction mechanism
exists. At low energies the spins of the initial nucleus
and of the isomers are a major factor in determining
the ratio of the yields. '4 That isomer will be favored
whose spin is nearest that of the target nucleus. At
higher energies where the compound nucleus is formed
in a wider range of spin states this eGect might be
expected to disappear, and it has been suggested that
the yield ratio should then approach the ratio of the
statistical weights of the isomeric states. However, it

EXPERIMENTAL

Bombardment Procedure

The excitation functions were obtained using the
stacked foil technique in which several targets are
interspaced with absorbers to allow for simultaneous
bombardment over a wide energy interval. The majority
of the bombardments were made in the internal
scattered beam of the Harvard cyclotron with 180'
focusing in the cyclotron magnetic held. The details of
this method have been described by Hintz and Ramsey. '
Initial proton energies of 73 and 100 Mev were used.
The value of this energy was checked before each
bombardment by measuring the C"(p,pst) C" excitation
function with the same target geometry and comparing
it with the known function for this reaction. ~" The
energy of the protons at each target in the stack was
calculated from the range-energy curves of Aron,
HoGman, and Williams. "

The spread in energy of the proton beam at the face
of the target stack is 0.6 or 0.9 Mev depending upon
whether —,'6- or ~'~-inch diameter targets were used.
This inhomogeneity in the energy of the proton beam
increases with depth in the target stack becoming
about 6 Mev at a nominal proton energy of 14 Mev
and thus obscuring the excitation function near the
threshold. For this reason two cobalt bombardments
were made on the Berkeley linear accelerator" whose
incident proton energy was known to be 31.5&0.2 Mev.

Absolute cross sections were determined for the re-
actions by including aluminum foils in the target
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stacks and monitoring the beam by means of the
AP~(p, 3pe)Na'4 reaction as determined by Hints and
Ramsey, ' but corrected to the more recent results for
the C"(p&pm) C" reaction "

The bromine targets consisted of sodium bromide
pressed into wafers ~', inch in diameter having a surface
density of about 70 mg/cm'. The scandium targets were
of scandium oxide" which had been carefully purified
from residual calcium, thorium, zirconium and rare
earths, and was pressed into —,'6- or —,'6-inch diameter
wafers which had a surface density of 20—40 mg/cm'.
Each wafer was packed into a Rat aluminum capsule
for bombardment. The cobalt targets for the cyclotron
bombardments were metal foils ~'~ inch in diameter
with a surface density of 50—60 mg/cm'. These were
placed in slightly recessed copper foil holders for bom-
bardment. The linear accelerator targets consisted
entirely of stacks of very thin ( 10 mg/cm') cobalt
metal foils held in a recessed brass block and covered
with a thin cobalt window.

Chemical Procedures

The bromine was precipitated as silver bromide in
the presence of hold-back carriers of near-by elements
and deposited on a 61ter paper disk for counting.

The cobalt samples were obtained from the cobalt
targets by a variety of solvent extraction procedures.
Final purification was made by precipitation with
KNO2. For the cyclotron targets, counting samples were
made by electroplating the cobalt onto copper plates.
The linear accelerator targets were redissolved and
placed in vials for counting in a well-type scintillation
counter and the yields were determined colormetrically.

The scandium was precipitated twice as the hydrox-
ide, redissolved, and placed in vials for counting in a
scintillation counter. Chemical yields were determined
by evaporating the solutions to dryness and igniting to
the oxide.

Counting Procedures

Figure 1 gives the decay schemes'5 ' of the three
isomeric pairs studied. In determining the relative
yields of genetically related isomers, it is advantageous
to count only the activity of the lower state. Then the
relative yields can be determined from the resolution
of the decay curves and no counting corrections need
be applied. It was possible to use this procedure for
bromine and scandium at all energies and for cobalt at
energies less than 43 Mev, the threshold for interfering
activities.

The 4.5-hour upper state of Br" decays completely

'4 The Sc203 was kindly furnished by Professor G. Wilkinson,
Chemistry Department, Harvard University.
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Fio. 1. Decay schemes of Br~, Co", and Sc44.

to the 18-minute ground state. The P radiation of the
latter was separated from the other bromine activities
by means of a simple magnetic bender and counted
with a Geiger tube. Although this method worked well
for determining the ratio of isomer yields, it was not
suitable for determining the excitation function as the
counting rate was too sensitive to the distribution of
the source. Instead the samples were counted directly
with an end-window Geiger tube, and the yield of the
4.5-hour isomer was determined by resolution of the
decay curve. The excitation function of the 18-minute
isomer was then obtained from the previous ratio.

The cobalt targets from the cyclotron bombardments
were counted with an end-window Geiger tube. It was
possible to follow the decay of the 9-hour Co" directly
as the cobalt x-rays resulting from the highly converted
25-kev gamma transition had a fairly high counting
eKciency. Interference from the 18-hour Co" occurred
above 43 Mev, so samples produced above that energy
were counted through a 980-mg/cm' beryllium absorber
which suppressed the 18-hour activity by a factor of 30
while reducing the Co" by only 7.3. The total yield
of Co'sg+ Coss~ was determined by counting the
samples after all the 9-hour activity had decayed to
the 72-day ground state. Aluminum absorption curves
served to separate the Co" from the 270-day Co" and
the 72-day Co".

The targets irradiated in the Berkeley linear ac-
celerator were counted in a well-type NaI(T1) scintilla-
tion counter with the ampli6er discriminator so biased
as not to count any of the low-energy Co'7 and Co"
radiations. Thus only the Co" ground-state activity
could register. Since the maximum proton energy was
31.5 Mev, there was no interference from Co" and Co".

The Sc44 was counted with a NaI(T1) scintillation
counter with the amplifier discriminator so biased as to
cut out gamma radiation below 0.9 Mev. This permitted
only the 1.16-Mev gamma of the ground state to be
counted and eliminated any interference from the 3.0-
hour Ti4' or the 4.0-hour Sc4'. Several of the Sc44 targets
were precipitated, filtered, and counted by an end-
window Geiger counter to determine their yield relative
to the aluminum monitor targets.

The aluminum monitor foils were counted by Geiger
tubes in the same geometry and mounting as their
respective targets. All the usual counting corrections
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TABLE I. Experimental errors in the cyclotron data. d 0
(absolute) does not include the possible error in the cross section
of the monitor reaction. 6 (~ /0g) refers to counting statistics only.

b,0. (absolute)
Du (relative)
n(~ /~.)

B180

~18%
+ 8
& 3

Cp58

+30%
+10
+10

SC44

were made with the exception of the one for back-
scattering. No correction was made for backscattering
of P radiation since the samples and monitors were
always mounted on the same backing material and
saturation backscattering is largely independent of
energy. "

DISCUSSION

Table I lists the estimated experimental errors for
the cyclotron data. The unusually large value of
ho (absolute) for Co" is chiefly due to the uncertainty
in the counting eKciency. The scatter observed in the
linear accelerator data (Fig. 6) is for the most part due
to the ddBculty in resolving the smaller amount of
9-hour activity remaining after the additional 18-hour
period required to transport the target from Berkeley
to Cambridge.

There are two additional sources of errors in the
cyclotron data at energies &20 Mev. First, the energy
spread has increased to several Mev. Since the excita-
tion functions are increasing rapidly with energy in
this region, the high-energy part of this spread will
have the greatest weight. Second, near the threshold
(rs, 2N) reactions from secondary neutrons become com-
parable in magnitude to the (p,prs) reactions. The
yield from secondary neutrons is from 1—2 percent of
the maximum yield of the (p,pe) reactions. In order to
minimize this last eGect, no points below 15 Mev have
been included in the yield ratios.

Inspection of the excitation functions (Figs. 2—4),
shows that they have the general shape already ob-
served for such reactions, namely an initial steep rise
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compound nuclei will be given by

r+& &+s 27+1
(r(J E)=s X' g P g(S) T((E),

s-z—.t z s=2S—+1

from threshold to a maximum at 20—30 Mev followed
by a more or less sharp fall to a value which then
decreases only slowly with increasing energy.

The plots of the ratio of the cross section for isomer
formation to that for ground-state formation (o /o. ,) vs

energy are shown in Figs. 5—7. In no case does this
ratio approach as a limit that of the statistical weights, '
(2I +1)/(2I,+1+2I;+1),where I, I„and I; are the
spins of the metastable, ground, and intermediate
states, respectively. Neither do they approach values
greatly favoring the high-spin state as suggested by an
argument in reference 8.

Perhaps the most important factor controlling the
variation of the ratio o. /o, with energy is the distribu-
tion of the angular momentum values of the excited
nuclei. At energies &30 Mev, the reaction may be
considered as proceeding primarily by the compound
nucleus mechanism. If it is assumed that every particle
that penetrates the potential barrier will be captured,
the distribution of the angular momentum, J, of the
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FIG. 2. Excitation functions for the reactions Brn(p, pl)Br~~
and Br"(p pn)Br~0,

"B.P. Burtt, Nucleonics 8, No. 8, 28 (1949).

where Tq(E) is the barrier transmission coefficient of a
particle with orbital angular momentum / and energy 8,
S is the channel spin, I is the spin of the target nucleus,
s is the spin of the particle, and g(S) is the statistical
weight of S. Figure 8 shows the distribution of J for
protons on Br" (I=3/2) and Sc4' (I=7/2) and demon-
strates the eGect of the spin of the target nucleus. The
most probable value of I will be near I until T~(E) for
l&I becomes large. For a low-spin target nucleus the
relative number of states with large values of J in-
creases rapidly with bombarding energy, while for a
high-spin target nucleus the rate of increase is much
smaller at erst.

This initial distribution of angular momentum values
will be modiied by the de-excitation process which, for
the reactions studied, consists of the emission of a
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where v. is the nuclear temperature and c is a constant
whose value increases with increasing mass number and
ore(E) is the total level density. If the nuclear tempera-
ture is assumed to be given by (E/u)l with the values
of u being those given by Blatt and Keisskopf, ' it can
be seen that the most probable value of I increases
with increasing mass number and excitation energy.
For example, for a mass number of 44 and an excitation
energy of 30 Mev the most probable value of I is 7

while at 5 Mev it is 3—4. For a mass number of 80 the
corresponding values are 9 and ~6. There is experi-
mental evidence which indicates that actual nuclear
temperatures may be much lower than the ones used
here. "This would result in much lower values for the
most probable I.

The above considerations indicate that the ratio of
isomer yields, and particularly the rate of change of
this ratio with bombarding energy, is determined largely

"H. A. Bethe, Revs. Modern Phys. 9, 84 (1937)."C. Bloch, Phys. Rev. 93, 1094 (1954)."P. C. Gugelot, Phys. Rev. 93, 425 (1954).

neutron and a proton followed by a gamma cascade.
The spin of the residual nucleus, I, is the vector sum of
the spin of the compound nucleus, the orbital angular
momentum of the particle, and the particle spin. Since
a few Mev above the reaction threshold the nucleons
may be emitted with fairly high values of angular
momentum and the final cascade may consist of several
gammas, large changes in the nuclear spin are possible.
The decomposition of J may be treated in much the
same way as its formation, except that now the eGect
of the level density of the residual nucleus as a function
of spin as well as energy must now be considered. This
is very important since otherwise the factor 2I+1
introduced by the decomposition of J greatly favors
the higher spin states. The dependence of the energy
level density on angular momentum has been derived
on the basis of the Fermi gas model of the nucleus. ""
This is

I+-,'
&r(E) =~s(E) exp| —(I+-',)'/2cr),
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by the distribution of angular momentum in the com-
pound nuclei. For the reactions studied here, . the de-
excitation process will cause the lower spin isomer to be
favored to a greater extent than would be indicated by
the initial distribution of spins alone, provided that the
energy available is several Mev greater than the
threshold of the reaction. Thus, in the region beginning
a few Mev above the reaction threshold, the compound
nucleus mechanism predicts a rapid increase in the
relative yield of the high-spin isomer from a (p,pn)
reaction with a low-spin target nucleus because of the
very rapid increase of the relative number of compound
nuclei with high values of I (Fig. 8). For a high-spin
target nucleus, the much slower increase in the relative
number of compound nuclei with high values of J
should result in an even slower increase in the relative
yield of the high-spin isomer. This corresponds to the
observed results for Br" (I=3/2) and Sc" (I=V/2) as
shown in Figs. 5 and 7. Co" shouM behave in much the
same way as Sc4' since the two nuclei have the same
spin. The value of o /o, appears to be constant above
16 Mev (Fig. 6), although the scatter in the linear
accelerator data is sufhcient to hide any small varia-
tions. The cyclotron data does appear to indicate an
initial increase but only one point is outside experi-
mental error.

The sudden increase in o. /o, for cobalt shown by the
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linear accelerator data below 16 Mev (Fig. 6) is prob-
ably real, but the experimental error is very large due
to the low counting rates. This eGect would not be
expected to appear in the cyclotron data. At the energies
at which it occurs, the reaction cross section is very low
and changing rapidly so it wouM be hidden by the poor
energy resolution and the neutron background.

While this sudden increase in o /o, may indicate the
breakdown of the applicability of statistical methods at
low excitation energies, there is another possible expla-
nation. The lowest energy studied (13 Mev) is only
1 Mev above the (p,pn) threshold and 3.3 Mev above
the (p,d) threshold. Because of the small amount of
energy available, particles must be emitted with very
little orbital angular momentum and the gamma cascade
will be very limited. Therefore large spin changes in the
de-excitation process will be unlikely, and the compound
nucleus might well be expected to decay to whatever
isomeric state is closest to it in spin. Since the spin
distribution of the compound nuclei will be approxi-
mately that given by the 10-Mev curve for Sc4' in
I'ig. 8, a large relative yield of the high-spin isomer
might be expected. 'If this explanation is correct,
a similar experiment with good energy resolution should
yield similar results for Sc4' or other high-spin target
nuclei.

At the energies of the cross-section maxima (20—30
Mev), the relative contribution of the compound
nucleus mechanism should be at its greatest. With
increasing energy the contribution of the knock-on
mechanism should steadily increase until at energies
near 100 Mev the reaction should proceed entirely by
this mechanism. The relative yields of the high spin
isomer for bromine and scandium (Figs. 5 and 7) begin
to decrease at energies above that of the cross section
maxima, 6nally leveling off at about 70 Mev and
remaining constant from there on. The relative yield of
the high-spin isomer for cobalt is constant to 100 Mev
(Fig. 6). This would seem to indicate that the knock-on
mechanism produces a distribution of spins in the
residual nuclei which in general is lower than that
produced by compound nucleus formation at proton
energies of 20-30 Mev and which is independent of
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energy. There are two knock-on processes which can
lead to a (p,pe) reaction and which contribute about
equally. ~ Both, in the limiting case of very high energy,
are the result of a single quasi-elastic interaction with
a nuclear particle. In the 6rst case, one of the collision
partners escapes without further interaction leaving the
residual nucleus with &20-Mev excitation energy. Since
the target nuclei have odd mass numbers, the maximum
spin of the residual nucleus will be the sum of three
single-particle states. In the second case, both collision
partners escape, leaving the residual nucleus with an
excitation energy less than the binding energy of the
next nucleon. The maximum spin will then be the sum
of two single-particle states. Thus the average value of
the spin would be expected to be low and since there is
only a limited range of excitation energy permitted, the
distribution of spin should show little variation with
bombarding energy.

The constant value of o /o, for the Co"(p,pcs) Co" "
reaction is in great contrast to the results for the
Mnss(n, ts)Co" " reaction' which gave a rapid increase
from 1 at 10 Mev to 3.7 at 23 Mev, but it is not
contradictory. Mn" has a spin of 5/2. Since alpha
particles have much lower angular momentum barriers
than protons, the compound nuclei formed with in-
creasing alpha-particle energy will very rapidly include
higher and higher spin states. The change in the distri-
bution of J should be somewhat similar to the case of
protons on Br" although with a much higher average
value. Thus a rapid increase of o.„/o, to a large value
would be expected.

2QQ &- t ~ l ~ I t f ~ s

Sc +p45



EXCITATION FUNCTIONS AND YIELD RATIOS

ACKNOWLEDGMENTS

The authors wish to thank Mr. S. Carpenter and
Mr. M. Rice for their assistance in performing these
experiments and Mr. Richard C. %harton and the

cyclotron crew for their cooperation in making the
bombardments. One of the authors (R.M.D.) particu-
larly wishes to acknowledge his helpful discussions with
Professor P. Morrison.

PHYSICAL REVI EW VOLUM E 102, NUM BER 1 APRIL 1, 1956

Decay Scheme of Au"'$
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The radiations of the 40-hr Au'9' were investigated with a scintillation and a magnetic lens spectrometer,
using coincidence techniques. First forbidden positron transitions with endpoints of 1.55&0.02 and 1.21
%0.02 Mev were found to lead to the ground state and the 6rst excited state of Pt"'. Most of the transitions
and levels of Pt'9' known from the decay of Ir'9' were con6rmed. Additional gamma rays of ~950, 1590~20,
1890&20, and 2150&15 kev were observed, indicating new levels at 2150 and 2215 kev.

I. INTRODUCTION

l
'HE decay of Au"' to Pt"' was first investigated

in detail by Steven et a/. ' who reported three
gamma rays of 1480, 328, and 291 kev in cascade, with
a cross-over transition of 2.1 Mev, and a weak 466-kev
line whose position in the decay scheme was uncertain.
The recent investigations of the gamma rays in Pt"',
following the beta decay of Ir'", by Butement and
Poe' (scintillation spectrometer), Johns and Nablo'
(photoelectrons), and Mandeville et at.s (coincidence
scintillation spectrometer) reveal a rather more complex
level structure of Pt"'. The present work on the decay
of Au"' supplements these studies by additional coinci-
dence measurements, by the approximate determination
of conversion coef6cients, and by the extension of the
level scheme to higher energies.

II. MEASUREMENTS

Au'" was produced, together with several other Au
isotopes, by bombarding Pt with the internal 9.5-Mev
deuteron beam of the cyclotron. The method of source
preparation and the apparatus used, a lens-type spec-
trometer with provision for coincidence counting, have
been described elsewhere. "
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it into its components, the pulse-height distributions
from the 1.16-Mev gamma ray of Sc"and the 2.1-Mev
gamma ray of K."were employed. The relative intensi-
ties of the components were then calculated by using
the absorption coeKcients of NaI and the photopeak

Gamma-Ray Spectrum

The pulse-height distribution from a NaI crystal
spectrometer is shown in I'"ig. 1. As a guide to analyze
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Fro. 1. Pulse-height spectrum (NaI) of the Au"' gamma rays.
The gross curve is analyzed into its components, whose full shape
is indicated in two cases (1160 and 2050 kev), whereas only the
photopeaks are shown for the other components. Curves A and
8 are the photopeaks of the annihilation radiation and the
1.16-Mev gamma ray of Sc'4, used for the energy calibration.


