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THE ISOMER RATIO OF Ce ™ - ce 278 proDUCED
TV SEVERAL CHARGED-PARTICIE REACTIONS

Richard Leslie Kiefer

Lawrence Radiation Iaboratory
University of Calif ornia
Berkeley, California

October 17, 1963
ABSTRACT

The isomer ratio of Ce137m - Ce157g 1s studied to obtain information
on the effect of angular momentum in the de-excitation of a compound
nucleus. The ratio of the formation cross section .of the high-spin lsomer
to that of the low-spin isomer is measured.as a function of energy for
reactions induced by HeB, Heu, Li7, and 0120 The ratio is seen to in-
crease with increasing proJjectile energy. Thilis increase is shown to
correspond to an increase in the average angular momentum. The ratio at
the peak of the excitation function is found to increase linearly from
reaction to reaction with increasing (ﬂ) . Above the pezk of the ex-
citation function, the ratio is observed to inerease more rapidly. This
is considered to be due to the competition of neutron and vy - ray
emission that causes the product to be formed from states of high angular
momentum. ‘

The cross sections are also measured for the four reactions.

Those induced by Li7 and 012 peak 5 to 6 MeV above the cross sections
induced by He3 and Heuu

The results are compared with calculations based on the Hulzenga-
Vandenbosch theory. When we calculated the nuclear temperature based on
the Fermi gas model and used 0.7 of the rigid-body value of the moment
of inertia, the calculated results showed good agreement with the experi-
mental results. Calculations employing a simple pairing model and a super=-

conductor model are also shown.



I. INTRODUCTION

Nuclear isomers were discovered in 1921 by Hahn when he showed

2
that UZ (Pag)u) and UX, both grew out of UX; (Tthu) by beta decay.l

This remained as a curiosity until 1935 when the first artificially

produced isomeric pair Br8om and Br8og

, was verified.2 The following

year, von WeizsHcker gave a theoretical explanation. of isomerism.,5 He
‘proposed that a nuclear isomer was a metastable excited state in a nucleus.
By assigning a spin difference of up to five between the excited and. ground
states, and allowing an energy difference of a few kilovolts he .showed

that the half-life for -y-ray de-eéxcitation of the upper state was com-
parable to that of obsgervable isomers.

For odd-A nuclei, there are three regions or "islands" of
isomerism.4 The first occurs where the number of neutrons or protons,
whichever is odd, is between 39 and 49. 1In this region, the shell model
predicts that the pl/2 and g9/2 states will lie close to each other in
energy and will compete for the position of ground state. Thus, the
ground state and first excited state will have a spin. difference of 4.
Similarly, the next region exists where the odd-nucleon number is between
65 and 81. Here, the hll/2

states. The third region appears where odd-number nuclei have neutron

state lies close to the d5/2 and sl/2

numbers ranging from 101 to 126, The 115/2 and f5/2 states cause
isomerism in this area. Approximately 120 cases of isomerism are known
in these three regions.

There have been numerous studies of nuclear reactions in which
an isomeric pair -is produced. In nearly all of these, the main interest
is in comparing the formation cross section of the isomer with that of
the ground state. The ratio cm/cg is commonly called the isomer ratio.
Wing has tabulated the data in this field up to 1962.5

used low-energy neutrons to produce the reaction°6’7 Segré and Helmholz,

Some studies have

in a review article, suggested that as the energy of captured neutrons

is increased so that capture occurs over many levels each of which has

a different angular momentum, the Influence of the level in which capture
occurs will diminish, and in the limiting case only the statistical

weights (2 I + 1) of the isomeric states will determine their formation



Cross sectionse6 Thus, the ratio of the formation cross section of the
isomer to that of the ground state should approach (2 I, + 1)/(2 Ig + 1),
where Im and Ig are the spins of the metastable and ground states
respectively. In extending this argument to charged-particle reactions,
Levy proposed that no such limit should exist.8 He reasoned that the
total angular momentum of a compound system is -the vector sum of the spin
of the target nucleus, the spin of the projectile, and the angular momentum
(1) that is carried into the reaction by the projectile. As the energy of
the proJjectile is increased, thus increasing £ , the distribution of nuclear
states available for capture will become broader. The states of higher spin
will be favored because of their statistical weights (2 I + 1). Since
emitted particles cannot take away large amounts of angular momeﬁtum, and
the vy - ray cascade 1s composed of dipole and quadrupole radiation, the
amount of high-spin isomer should be increased with inecreasing projectile
energy. By this argument, there would be no limiting value of the isomer
ratio. ILevy showed that with 23-MeV & particles incident on ‘nanganese to
produce the cobalt-58 isomers, the ratio gﬁ_ went beyond the timit pre-
dicted by Segré. . Meadows, Diamond, and Sha%p reported the isomer ratios of
T O, 0058, and Scuu.produced in {(p,pn) reactions.’ The incident-proton
energies ranged from threshold to 100 MeV. In the low-energy region they
found that the cross-section ratio of the metastable state to the ground
state increased beyond the ratio of statistical weights. As the energy
was increased, however, the value went below the statistical "limit" and
remained constant as high as 100 MeV. They assumed that at low energiles
a compound-nucleus mechanism prevailed. At higher energies, they inter-
preted their results to mean that the reaction proceeded by a knock-on
mechanism such as the one proposed by‘Serber,lO
Calculations to predict the isomer ratio have been shown by various
9,11,12,13

authors. Katz, Pease, and Moody computed the distribution of

orbital angular momentum, £ , by using the relationship

o, (E):%(2£+1)X2TE () , (1)



where TI(E) transmission coefficient for a given [ at an incident

energy E ,
X = the de Broglie wavelength of the incoming projectile
divided by 2 T ,
and GZ(E) = cross section for compound-nucleus formation with a given

i at energy E.

Thus, an average [ was oObtained and combined with the projectile and
target spins to give a total angular momentum. J. Then they assumed .
that every compound nucleus formed with a total angular momentum below

a certain cutoff value goes to the low-spin isomer, whereas the remainder
feeds the high-spin partner. They determined the cutoff value by the
spins of the two lsomers, and obtained results that are in fair agreement
with experiments for a number of low-energy reactions producing Br

Sylvia Bailey, using a similar approach, calculated the isomer ratio of
Sclmc12 From Eg. (1) she computed a spin distribution after each particle
emission from the compound nucleus. This same expression was used to cél-
culate the initial spin distribution caused by the incoming projectile.

The nuclear level density, which is important when considering particle

or Y -ray emission, was assumed to be proportional to 2 J + 1. .Meadows,
Diemond, and Sharp also performed calculations relating the isomer ratio

to the initial angular-momentum distribution and the spins of the two
isomersu9 They used an exponential level-density reletionship based on

the Fermi gas model. Huilzenga and Vandenbosch proposed a more detailed
calculation relating the isomer ratio more guantitatively to the spin
dependence of the nuclear level density and the multiplicity and multipole
character of the <y-ray cascadeolj Details of this calculation are shown
later with a tabulation of results ecalculated by this method. The com-
parison of these results with experimental values is shown.

We have seen that the isomer ratio can be related to processes
involved in the mechanism of compound-nucleus formation and de-excitation.
These processes are known to be affected by angular momentum,lu’l5’l6
TLarge amounts of angular momentum are brought into a compound-nucleus system

when a heavy ion (z > 2} is used as the bombarding projectile. The



Berkeley heavy-ion linear accelerator (Hilac) is a convenient source of
various heavy-ion beams. This work was undertaken to learn moré about

the effect of angular momentum in a compound-nucleus reaction. We

decided to produce a pair of isomers with both heavy-ion and light-particle
reactions. If the initial compound nucleus in each reaction were at the

same excitation energy, any difference in the isomer ratio should be due

to angular momentum.

The isomeric pair we have chcsen to study is Cel57m; CelB?g .
Several reasons governed this choice: (a) the half-lives are long
enough (35 h and 9 h) to permit chemical separation before counting;

1

(b) the decay scheme has been well studied; ! and (c¢) enough stable

target isotopes are available that the compound nucleus can be produced
with various bombarding particles. We studied four reactions with CeluO
as the compound nucleus. The variation of the 1somer ratio with excitation
energy 1s presented for each case.

Other workers have also studied this isomeric pair. Vignau and
Nassiff looked at the reaction Lalig(d,hn)0e157.l8 They plot the isomer
ratio as a function of energy over a deutercn energy range of 18 MeV to
27 MeV. Keisch has observed the ratio, CelB?m/CelB?g , produced by neutron
activation of C6156.7 Choppin and Xlingen have shown that the excitation
function for the ClE(Telg8, 3n)Cel57m reaction peaks at 13 MeV higher than
predicted by a theory that assumes no angular momentum.l6 Mollenauer finds
that when high-energy (100 MeV) 012 lons are incident on natural tellurium,
the total vy -ray energy. is higher than the bindiﬁg energy of the next
neutron.lu Morton, Choppin, and Harvey arrive at a similar conclusicn

) ‘ 1 1
based upon studles of angular distribution and range of the C 2(Te 30,5n)

15T 19

In summary, the purpose of this work is to obtain information on

reaction.

the effect of angular momentum in a nuclear reaction by producing a pair
of nuclear isomers with varying amounts of angular momentum, then to
compare the experimental work with a statistical theory to relate the

spin dependence of the nuclear level density to the ratio of nuclear isomers.



IT. EXPERIMENTAL PROCEDURES

A. Target Preparation and Irradiation

The isomer ratioc of Ce157m - Ce157g was measured in four different

reactions:

He5 + Ba157

Heu + Ba156
Li7 + 05155

Cl2 + TelEB

. .
140 - CelB7m,ljzg +

Ce n .

A

The target foils were prepared from enriched isotopes in various ways.

The Ba137 targets, enriched to 81.9%, were made by repeatedly brushing a

solution of B3137(N05)2vonto 0.5-mil Cu foil, with heating between each
126 targets, enriched to 92.9%, were made by

application.. Thicker Ba
156(1\105)2. solution to Cu foils 1.0 mil. thick

successive application of a Ba
with a micropipet. Cesium-133 targets were made by evaporating CsNO

onto Cu foils 0.2 mil thick under vacuum. These targets contained 100%
Csl55 , the only stable isotope of cesium. Tellurium-128, enriched to 96.4%
was electroplated onto thin .(0.05 mil) Cu foils from a dilute nitric acid
solution. Details of the target preparations are described in Appendix A.

The stacked-foil method with eight foils was used in all the.
irradiations. The individual foils were separated with aluminum rings
that prevented the foils from sticking together but did not interfere with
the. beam.. Aluminum foils, whose thickness was determined by weighing a
known area, were used to lower the incident-beam energy to the desired
amount at the first target foll. The range-energy data used are plotted in
Appendix B.

The Heu irradiations were performed at the 60-inch cyclotron. The
maximum-energy He ions have a range of 231 %+ 5 mg/cm2 in aluminum,2o which
correspond to an energy of 47.6 £ 0.5 MeV.21 The water-cooled copper
target holder was electrically insulated from the machine, and grounded so

that the accumulation of charge could be measured by an electrometer. The



beam intensity was limited to 0.2 pA to prevent holes from being burned into

the foils.
The other irradiations were carried out at the Hilac, where ions
are accelerated to a terminal energy of 10.4#0.2 MeV/nucleon.22 An

electrometer measured the charged collected by the insulated copper target
holder. Collimators on the target holder and the end of the accelerator
defined the beam that passed through the foils. Beam intensity varied
with the ion. The C12 beam was limited to 1 pA to prevent the foils from
i

being burned. No beam limit was necessary in the He5 and Li' irradiations
in which the average He5 beam current was 0.7 pA, whereas that of Li7
was 0.09 uyA. The Li7 beams were of much lower intensity because of the

difficulty of maintaining a constant supply of lithium ions.

B. Chemistry and Sample Preparation

After the targets were irradiated, the radiocactive cerium was
chemically separated from the remaining target material. The procedure
used was a modified form of the one used by Glendenin.25 It utilizes the
circumstance that cerium is more easily oxidized from the +3% to the +4
state than any other lanthanide. In the +4 state, it can be extracted
from a strong nitric acid solution with methyl isobutyl ketone (hexone).
Thus, the targets (including backing foil) were dissolved in concentrated
HNOB. The cerium was oxidized with sodium bromate, extracted into hexone,
reduced with H202 , and precipitated as cerium oxalate nonahydrate
C82(0204)5 ) HQO. The precipitate was collected on a glass-fiber filter
disk, dried, weighed, and mounted on an aluminum counting plate. Details
of the chemistry and sample preparation are given in the appendices.

It has been shown that HCl greatly accelerates the reduction of
Cem.gl’L Since it is necessary to have cerium in the +4 state in the early
part of the chemical separation, the use of HCl is to be avoided. For this
reason, copper foil was used as the backing material for the targets be-

cause it can be readily dissolved without HCL.



C. Counting Procedure

157

The relative and absoliute amounts of the Ce isomers were

established by counting the <y rays characteristic of their decay. The
decay scheme is shown in Fig. l.l7

The counter was a thallium-activated sodium iodide crystal 3 in.
high and 3 in. in diameter, which was attached to a duMont# 6363 photo- .
multiplier tube. The entire unit, including a polystyrene P-ray absorber,
was purchased as an "Integral Line" assembly from the Harshaw Company.

The rest of the counting apparatus consisted of a preamplifier, which
was attached to the photomultiplier tube, a linear amplifier, and a 100-
channel pulse-height analyzer. The resolution of the counter with the
662-keV <y ray of csT 1 vas 8.1%.

~ The crystal assembly was housed in a lead cave lined both with
30-mil cadmium foil to absorb the lead K x rays, and 15-mil copper foil
to absorb the cadmium x rays.25

A Plexiglass sample holder supported the crystal assembly in the
cave. Slots cut in the sides positioned the samples at various distances
from the crystal face. The samples counted in this work were placed in
the upper most slot, which put them about 0.6 cm from the crystal. At
this distance, 38.8% of the disintegrations are incident on the crystal
face. Thus, the geometry factor for this shelf is 0.388. A curve of
geometry factor vs shelf number for this counting assembly appears in
Appendix D.

Before the samples were counted,. various sources of known energy
were counted and the channel number corresponding to the peak of each
was noted. TFrom this, a curve of channel number vs energy was drawn so
the energies could be assigned to the peaks in the spectra. This also
tests the linearity of the amplifier response.

The y-ray spectrum of the samples changed with the energy of
bombardment. At the lower energies a prominent peak appeared at 255
keV, which was characteristic of the isomeric transition, and another at

445 keV, which was characteristic of the ground-state decay. On the
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Electron capture

MU.32207

157

Fig. 1. The decay scheme of Ce taken from Ref. 17.
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higher peak appeared a shoulder due to the 511 keV annihilation radiation
of Ce155. As the energy was increased, the average angular momentum was
also increased, and the formation of the high-spin metastable state was

increased at the expense of the low-spin ground state. . At the same time,

135

the yield of the five-neutron reaction producing Ce was increasing.
The limit in the experiments occurred when the 511-keV.annihilation radiation
peak of Ce155 enveloped the diminishing 4L5-keV peak. of Ce157. -The limit
occurred at an excitation energy of 50 MeV. Since maximum-energy He5 and
HeLL ions produced excitation energies less than 50 MeV, this problem was
encountered only in the 012 and Li7 irradiations. The reaction Q values
used for the excitation energies were calculated from the mass tables of
Seeger.

An example of the spectrum produced at an excitation energy of Lo
MeV is shown in Fig. 2. The highest-energy peaks were assumed to be those
which Danby lists at Th3, 810, and 901 keV (see Fig. 1).7 This group
decayed with the 34.lk-h half-life of the Ce157 metastable state.

Figure % shows the spectrum produced in reactions at an excitation
energy of 50 MeV. The 445-keV peak is almost entirely absorbed in. the
background. The lowest-energy peak contains contributions from the 225-

157 and the 265-keV 7y ray that is prominent in the

keV vy ray of Ce
spectrum of Ce155.27 The peaks at 300, 511, and 600 keV all decayed with
the 22-h half-life of Ce155. This spectrum appears to contain high-energy
peaks similar to those found in Fig. 2. However, in this case the peaks
decay with the Ce155 half-life. Apparently, the two Ce isotopes have
similar high-energy =y rays. ,

- In order to check the decay of the peaks, the samples were counted
for at least 6 days. This allowed the 34.4-h state to decay through

four half-livese

D. Data Processing

The éctivity of the isomers %was determined by using the decay
of the 445-keV peak. Each count of a sample was plotted on semilog graph
paper and the area under the peak determined by graphical integration. It

25

was assumed that the photopeak in a ¥ -ray spectrum was Gaussian. For

consistency, a Gaussian template was used to determine the boundaries of
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Fig. 2. Typical gamma-ray spectrum of a sample produced with an
excitation energy of 40 MeV.
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Fig. 3. Typical gamma-ray spectrum of a sample produced with an
excltation energy of 50 MeV.
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the 4h5-keV peak in all the samples. A baekground line was drawn along
the base of the peak to separate it from the Compton edges of higher -
energy ¥ rays (see Fig. 2). Initially, the line was determined by count-
ing a series of monoenergetic <y -ray standards and plotting the results on
individual semilog graphs. The plotted standard, whose energy was closest
to.that of the highest-energy peak of the spectrum, was positioned beneath
the spectrum graph to‘coincide with the peak height. It was then sub-
tracted point by point to simulate the subtraction of the Compton edge of
the peak; The process. was repeated for each peak in the spectrum until
the 445-keV peak vas reached. The background line was determined by
points representing values of the subtracted Compton edges plus the
natural background. These were subtracted from every point under the
LL5.keV peak along with any contribution from the 511-keV photopeak.

After the a¢tivity was determined for each count, the data were
plotted as a function of time from the end of bombardment. When the
bombarding energy was high, the high spin state was formed in preference
to the low-spin state so that the resulting curve grew to a maximum and
diminished with a 34.4k-h half-life, as illustrated in Fig. 4. At low
bombarding energies, where the formation of the ground state is about
equal to that of the metastable state, the curve begins high and levels
off to a 34.4-h half-life as shown in Fig. 5.

A composité decay such as this is treated by the,equation2

"o 0 0
N, = [kl/(Xg - Xl)]Nl [exp(~klt) - exp(—lgt)]+ N2 exp(—kgt),
(2)
where N2 is the number of ground-state nuclei present at time t from
the end of bombardment, Nlo and Ngo are the number of isomer and ground-

state nucleil present at the end of bombardment, and kl,and KE are
the decay constants. When activities are substituted for numbers of

nuclei, Eq. (2) becomes
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Fig. 4. Decay of the 445 keV peak in a sample produced at high-
excitation energy. The solid line is drawn through the data
points and the dashed line is the extrapolation to zero time.



-14._

100 000 -7 T T T T T

I T

10 000

Counts/ min

[ 000 L 1 1 1 i 1
o0 10 20 30 40 50 60 70

Hours from end of bombardment

MU-32211

Fig. 5. Decay of the 445 keV peak in a sample produced at low-
excitation energy. The solid line is drawn through the data
points and the dashed line is the extrapolation to zero time.
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Ay = D/ Oy = 21 A, Tex( Ay 1) - exp(-a56)] + 8,0 exp(Azt)
(3)

where the notation is similar. When t = O, Eg. (3) reduces to

AQ = AEO. Thus, the initial activity of the ground state is determined

by extrapolating the curves in Figs. 4 and 5 to zero time. At sufficiently
large t, the exp(- th) term is negligible compared with the exp(wklt)
part, so that

0

A= Do/ =201 A exp(—kit). | (%)

Extrapolating this to t = 0 gives
0]
Ay = D/Og - 2T A, (5)

and the initial activity of the metastable state is determined. This
extrapolation is shown as a dashed line in Fig. 4.

Since the initial activities of the two isomers were determined
from the same .7y - ray peak, the various counter corrections were
unnecessary. in the ratio. Thus, the ratio of cross sections becomes
(Am/Xm)/(Ag/Xg) times a correction for decay during bombardment. This
correction is shown. in Appendix D.

The activity due to the isomer was also determined by graphical
integration of the 255-keV peak. To determine the isomer_ratio with two
different peaks, corrections must be made for the differencés in counter
efficiency and peak-to-total ratio and for any branching ratios and con-
version coefficients connected with the peaks. After making these
corrections, the isomer ratio measured from the.255-keV and 4L5-keV peaks
was compared to that measured from the 4L45-keV peak alone. The former
ratios were about 20% higher than the latter ones over the entire range
of energies and reactions. It was assumed that either the published con-
version coefficient of the 255-keV peak or the branching ratio to the
LL5_keV peak was in error. To eliminate any decay. scheme inaccuracies, the

ratios were determined by using only the 445-keV peak.
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Figures 4 and 5 show the necessity of counting the samples soon
after the end of bombardment in order to make an accurate extrapolation
~to zero time. Since it took at least 2 hours to transport the target
from the cyclotron, perform the chemistry, and mount the samples, the
extrapolations were made by using a least-squares computer program. The
half-life of the isomer was checked by using the FRENIC program to analyze
the decay of the 255-keV peak. Guesses of the decay constant and ordinate
intercept are included in‘the input along with the data, and the best inter-
cept and decay constant are calculated. The half-life obtained from the
decay constant was averaged for all the experiments and found to be 34.0 %
1.1 h, which is in good agreement with the published value of 3h.k & 0.3 n 17
Another program, LENIC, was used to analyze the 445-keV data. Cuesses
about the intercepts are not necessary with thié program, but the decay
constants cannot be varied. The average A from FRENIC was used for the
metastable state, and a A corresponding to a half-life of 9.0 h was used
for the ground state. Appendix E contains some details of the programs.

Both computer programs treated the data points as having equal
étatistics. In general, the-samples were counted to approxim te this

2

situation. However, in the high-energy samples of the Cl and Li7 irradiations

155. As this part decayed away, the

137

there vere large contributions from Ce
.counting statistics for‘Ce157 did not remain constant. Since the Ce
counting rates were low, the. differences became important in the computer
analysis. Thus, these data were analyzed by a graphical method,29 Both
sides of Eq. (3) were divided by exp(~l2t) to give

AgenW%t)s[%f@e—Xﬁ}Af?kqﬂﬁg-kﬂt]—l}+_%O.
(6)

A plot of A, exp (th) vs exp[(x2 - Kl)t] - 1 is a straight line of slope

0 . . ‘ 0 .
Al ke/(le Xl) and ordinate intercept AQ‘ . For consistency, all of

the Li7 and C12 data were analyzed in this manner. A comparison of the.

two methods with the lower-energy samples showed them to be compatible.



=17~

An initial attempt to determine the isomer ratio by counting the
x-rays from electron conversion énd eleétrOn-capture events was unsuccessful,
as. most of the neutron-deficient cerium isotopes. decay partially by .
electron capture. Also, the conversibn coefficient of many cerium < rays

. is not known.
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I1I. RESULTS AND DISCUSSION

A. Isomer-Ratio Results

157m'— Ce137g-isomer.ratios are

The experimentally determined Ce
tabulated in Tables I through IV. With one exception, the values are all
greater than 1, indicating that in the energy region studied, the high-
spin metastable state 1s more likely to form than the low-spin ground
state. For comparison, it is interesting to note that the statistical
"limit"(EIm + l)/(QIg + 1) is 3 for this system. The variation of the
isomer ratio with excitation energy for the four reactions studied is shown

in Figs. 6 through 9.

B. Cross Sections

In some of the experiments performed, cross-section measurements

were also made. The results for the metastable and ground states are
ghown in Figs. 10 through 13. . A comparison of the combined metastable
and ground-state cross sections is shown in Fig. 14. The cross sections
of the Li7— and Clg— induced reactions peak appreciably higher than those
induced by the lighter projectiles. Also, as Figs. 12 and 13 show, the
peak of the metastable-state cross section is about 2 MeV above that of the
ground state for these two reactions.

The cross.sections of the HeB- and 012_ induced reactions fall off
rapidly on the low-energy side of the peak. This is probably an effect
of the Coulomb barrier. Table V lists the. Coulomb barrier.and reaction
threshold in laboratory-system energy and the corresponding excitation

energy for the reactions studied.

C. Errors

The errors quoted in the Heu and He3 isomer-ratio results are
derived mainly from the standard deviations calculated by the least-

squares computer analysis of the data. The number of atoms formed in both
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Table I. Experimental results:for the reaction

He'LL + Ba156 - 06157 + 3n.

L Projectile energy Excitation Isomer ratio
Experiment (laboratory system) energy 'Ce137m/ce157g

(MeV) : (MeV)

A 45.8 45.9 12.0 £ 1.1
b3.7 k3.9 11.1
41,6 - 41.8 9.7 1

B ' L6.7 46.8 12.0 £ 2.1
Ll 4 © b5 11.7 £ 1.6
k2.0 k.2 10.2 £ 1.3
29.5 39.7 6.2 1.5
36.3 36.7 L.5 1.0
33,7 3.2 L0 0.7
30.6 31.2 2.0 £ 0.3
27.9 28.6 1.9 * 0.1

o 37.7 38.1 7.0
28.4 29.1 2.0 ¥ 0.1

D hr.7 Lr.7 15.6 £ 2.4
45.5 bs5.6 12.9 * 1.4
h3.1 43.3 9.6 £ 0.9
40.5: 40.8 8.0 £ 0.6
37.6 38.0 6.0 0.3
3k.5 35.0 4.5 £ 0.2
31.3 31.9 2.9 £ 0.1
28.0 28.7 2.1 £ 0.2
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Table II. Experimental results for the reaction

He5 + Ba157 - Ce157 + 3n.
Projectile energy Excitation Isomer Ratio
Experiment (laboratory system) energy CelB?m/ceIBYg

(MeV) (MeV)

E 31.0 46.0 3.8 £ 0.2
29.6 L. 6 3.5 £ 0.2
28.5 43,5 3.4 0.2
27.7 41.8 2.8 ¥ 0.1
25.1 ho.2 2.4 +0,1
23.7 38.8 2.3 0.2
21.8 37.0 1.7 £0.1
20.5 35.7 1.5 0.1

F 29.3% L. 3 3.3 0.1
27.8 L2.8 3.0 £ 0,1
26.4 bk 2.6 £ 0.1
2L.8 39.9 2.2 0.2
23.1 38.3 1.9 £ 0.1
21.4 36.6 1.5 0.1
19.6 34,8 1.3 £ 0.1
17.6 32.8 1.1 0.1

G 28.3% L3.3 2.7 * 0.4
27.0 L2.0o 2.4 + 0.3
25.9 41.0 2.1 *+0.3
24.3 39.4 2.0 0.2
22,7 37.9 1.6 £ 0.2
21.3 36.5 1.4 £ 0.1
19.6 34,8 ‘1.1 £ 0.1
17.8 0 0.9 0.1

33.




Table III. Experimental results for the reaction

ctB 4 728 L 0T 4 3y,
Projectile -energy Excitation Isomer ratio
Experiment -~ (laboratery system) . energy o 157m/c 137g
(MeV) (MeV) ¢ _ €
H 54.9 50.0 20.7 * 3.9
50.3 L5.8 5.2 0.3
J 5k.3 k9.5 17.5 1.3
51.7 bhr.1 8.0 0.8
b9 k5.3 5.7 £ 0.3
47.5 43,3 3.7 0.2
Lh.5 4o.6 1.5 0.3
K 5k, 7 k9.9 20.2 * 2.9
52.2 47.6 7.6 £ 0.6
50. k4 46.0 6.6* 0.4
457 2.0 % 0.2

hi.7
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Table IV. Exp$rimental results for the reaction
Li + Cs135 — Ce137 + 3n.

Projectile energy Excitation Isomer ratio
Experiment (laboratory systém) energy 13Mm,, 137g
(MeV) (MeV) Ce™ 7 /Ce

L 37.3 50.2 12.4 £ 1.9
34,9 47.9 7.3 £ 0.6

32.3 L5.5 5.9 £ 0.4

30.3 L3.6 L.6 0.2

M 37.5 50. k4 12.5 £ 1.6
31.1 Ll 3 5.1 0.4

28.8 ko2 3.6 £ 0.3

25.8 39.3% 2.5 £ 0.2

2.7 36.4 1.7 £ 0.1

N 35.1 L8.1 7.3 0.6
- 33.b 46.5 5.8 * 0.k

31.6 LL.8 5.1 £ 0.3

29.9 Lz 2 3.9 * 0.3

27.9 41.3 3.2 0.2

25.7 39.2 2.4 £ 0.2

22.8 36.4 2.0 £ 0.2
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Bombarding energy (MeV)
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MU-32212

Fig. 6, The experimentally determined isomer ratios for the reaction
HeIL + Bal30 o (eld7,15Tm + n, as a function of the excitation
energy. The upper scale shows the laboratory energy of the pro-
jectile. The solid line connects the points.
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Bombarding energy (MeV)
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Fig. 7 . The e§per1mentallX determined isomer ratios for the reaction
Hed + Baldl o eld7,13Tm + %n, as a function of the excitation

energy. The upper scale shows the laboratory energy of the pro-
Jectile. The solid line connects the points.
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Bombarding energy (MeV)
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MU-32214

Fig. 8. The experimentally determined isomer ratios for the reaction
cl2 + meled , el3T,15Tm + 3n, as a function of the excitation
energy. The upper scale shows the laboratory energy of the pro-
jectile. The solid line connects the points.
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Bombarding energy (MeV)
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Fig. 9. _ The e erimentallX determined isomer ratios for the reaction
Lil + ¢sl35 o celd510Mm 4 35 as a function of the excitation
energy. The upper scale shows the laboratory energy of the pro-
Jectile. The solid line connects the points.
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Fig. 10. The cross section as_g function _of_the excitation energy
for the reaction Helt + Bal?0 L celdT,15Tm 4 3p,
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Fig. 11. The cross section ags_a Tunction of the excitation energy
for the reaction Hed + BallT o cel®(>13Tm 4 54,
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Fig. 12. The cross section as function of the excitation energy
for the reaction CL2 + Tel28 5 eld(,13Tm 4 3p,
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Fig. 13. The cross sectlon a functiop of _the excitation energy
for the reaction Li7 + CSEB% - Ce15 ,l£7m + 3n.
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Fig. 14. The combined metastable and ground-state cross sections
for all of the reactions as a function of the excitation energy
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Table V. The Coulomb barrier and the reaction thresholds
for the systems studied.

Coulomb barrier Reaction threshold
Reaction (MeV) r (MeV) ra

Elab B Elab E
cet T + 3n 16.4 17.4 25.3 26.0
Het + pal3® el 4 iy l » 33.2 33.7
cet® + s5n 43,5 W37
Ce157 + 3n 16.6 31.9 10.6 26.0
He5 + Ba157 Ce156 + Un \L 18.5 33,7
Ce155 + 5n 28.7 Lz .7
ceT + 3n L. 7 40.8 28.5 26.0
012 + Te128 Ce156 + Un 36.9 33.7
06155 + 5n L7.9 ‘ Lz.7
Ce157 + 3n 23.7 37.3 11.8 26.0
Li7 + Csl55 - Cel-36 + bn l 1 19.9 33.7
Ce155 + 5n v 30. 4 hz.7
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the ground state and metastable state had standard deviations associated
with them. The standard deviation of the ratio was calculated from the

exXpression
0 = @ Loy/R))? + (a,/R)212 e

where @Q represents the ratio Rl/Ré , and gy and o, are the standard
deviations of Rl and R, . ‘
2
For the 11 and C
the main error -in the number of nuclei formed in the ground state represented
the limits within which a straight line could be extrapolated through the

data points to zero time. The errors in the number of nuclei formed in the

1e data, in which a graphical analysis was used,

metastable state reflected the change in slope. The error in the ratio
was determined by using Eq. (5).

Errors in the individual data points come from two sources: the
random counting error and the error due to background subtraction. The
random error was usually 1 to 2%, but was never greater than 5%. Un-
certainties in the background subtraction were probably not greater than
10%. In most cases this would not affect the data point by ﬁore than 5%.
However, in a few of the points near the high-energy experimental limit,
this effect could be as large as 195% because the background is large com-
pared with the number of counts in the peak. '

The vertical error bars indicated on the cross-section data points
are mainly due to the error in the number of nuclei present and to uncers
tainties in the knowledge of the target thickness. The first of these has
been discusséd above. The thickness of the Csl33 targets used in the Li7
irradiations was probably known to within 5%. The Ba’?( and B3136
thicknesses were estimated to be known to within 10%. The thickness of
the Te128 targets was probably not known more accurately than to within
15%, because of electroplating difficulties discussed in Appendix A. Un-

certainties in the peak-to-total ratio, counter geometry, and counter

target

efficiency were probably not more than 3%. Calibration of the beam

integrator has shown that the value of the beam current is accurate to with-

in + 3%.27



—3&—

3

irradiations could arise

158. The threshold for the

An additional uncertainty in the He
because the Ba157 targets contained 17.4% Ba
reaction He3 + BalB8 - Ce157m’157g + Un occurs at an excitation energy
of 34.1 MeV. Since the target enrichment in Ba137 is 5 times that of
Ba158, it was estimated that the maximum contribution to the cross section
from this effect was 5 mb. This is within experimental error.

The horizontal error bars on the cross-section points are due to
the energy spread in the beam. This effect increases as the beam passes
through degrading and target foils. The 60-inch cyclotron had an initial
beam spread of about % l%,. This was estimated to increase to % 3% by the
end of the foil stack. The Hilac also has an initial beam spread of about
t 1%. TFor the He5 bombardments, this was estimated to increase to * 3%
by the end of the foil stack. The Li7 and C12 irradiations would have
a larger beam spread because they were both degraded to approximately half
of theilr initial energy befare striking the first target foil. Thus,
we have estimated that the beam spread increases from t 4% to * 5% in

the course of its passage through the foil stack.
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D. Discussion

Figures 6 through 9 show that the variation of the isomer ratio with
excitation energy is different for each of the reactions studied. This is
more easily seen in Fig. 15, where all the experimental data are shown to- .
gether. A strikingly similar picture results when the average angular
momentum brought in by the projectile is plotted as a function of the ex-
citation energy, as shown in Fig. 16. The implication that the variatidn
of the isomer ratio with excitation energy is due primarily to the angular
"momentum is confirmed in Fig. 17, where a plot of the isomer ratio as a
function of the average angular momentum is shown. At a given () s
~where data overlap, the isomer ratios for the various reactions are all
within experimental error of a common value. The calculation of  {4)
is discussed in Sec. IV.A. _

When we compare isomer ratios resulting from different reactions,
another consideration is the distance from the peak of the excitation
function. Above the peak, where competition between the xn and (x + 1)n
reactions occurs, the xn reactlon tends to proceed from the high-angular-
momentum states. This condition arises because neutron emission lowers
the excitation energy of the nucleus by about 10 MeV but does not remove
more fhan 1l or 2 units of angular momentum, the emission 6f the extra
neutron is hindered because the density of possible final states is low.
Gamma-ray emission, which reduces the excitation energy by smaller amounts,
is, not hindered in this way. Thus, it can successfully compete with
neufrqn emission even though neutron emission is energetically pdssible“15
The systems with lower angular momentum tend to emit the extra neutron.
Figure 18 shows that the isomer ratio at the peak of the excitation function

for the various reactions varies in a linear manner with the angular mo-

mentum.
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The experimentally determined isomer ratios for all of

the reactions studied as a function of the excitation energy.
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Fig. 16. The calculated average angular momentum as a function
of the excitation energy for all of the reactions studied.
The calculation of () is explained in the text.
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Fig. 17. The experimentally determined isomer ratios of all
of the reactions studied as a function of the average angular
momentum.
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Fig. 18. The experimentally determined isomer ratio at the peak
of the excitation function for all of the reactions studied
as a function of the average angular momentum.
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IV. CALCULATIONS

A. Calculation Procedures

The values of (f)for the Heu- and Clg— induced reactions were
calculated by use of a computer program employing a parabolic approx-
imation to the real part of the optical-model potential.  The procedure
has been described by Thomas.51 The output of the program includes the
transmission coefficients for a given [ value (Tﬁ) ,- the- total reaction
cross section, and the average angular momentum. However, there is no
provision for target and projectile spins. Thus, the (1) values for the

7

Li'- and HeB—induced reactions, in which the intrinsic spins are nonzero,

were calculated from the first stage of the isomer-ratio calculation
described by Hafner, Hulzenga, and V’andenbosch.52 The transmission co-
efficients, which were necessary for the input, were calculated with the
parabolic approximation. The output includes the partial cross section
(Gj)’ and the probability of forming a state with a given J value (Pj)°

The average angular momentum is evaluated as
J=n

(3) = Z g, By (8)
J=0 n

For the HelL and c1% systems, this (J)was identical to the (1) of the
parabolic calculaicion° For the Li7 and He3 reactions the (J) was
approximately 5% higher than ({).

The parabolic approximation has been shown to be reasonably good
above the Coulomb barrier. However, in the region of the barrier and below

33

it the model becomes unsatisfactory. Since we have compared the data
at the peak of the excitation function, this model is probably sufficient
to predict the average angular momentum.

Details of the parabolic approxinme tion and isomer-ratio programs

are shown in Appendix E.
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B. Preliminary Calculation

If a sharp cutoff in the distribution of states of the compound
nucleus existed so that all the states with aﬁgular momentum below a cer-
tain value de-excited to the low-spin isomer while all those above went
to the high-spin isomer, the isomer ratio could be predicted by summing the
partial cross sections on both sides of the cutoff and dividing the low-
spin .part by. the high-spin part. An approach of this type by Katz et al.
was successful in predicting the ratio of isomers formed in some Y,n
reactions.llv Seegmiller applied this method to a set of charged-particle
reactions and found that a specific cutoff gave a surprisingly good pre-
diction of the isomer ratio over a large energy regions54 A gimilar
idealized calculation was performed for the reactions studied in this work.

The isomer ratio was calculated as

R = E: o5 / E: o5 | (9)

k
J=k J=0

where k . is the cutoff point and n is the number of angular momentum
states in the compound-nucleus distribution. The calculated ratios for
different values of k are compared with the experimental values in Figs.
19 through 22. The peak of the excitation function is indicated by an
arrow in each of the figures. The experimental values rise more steeply
ébove the arrow than the calculated values in all reactions except those
induced by HeB. ~This is probably an effect of the competition between
neutron and 7y -ray emission. that causes the reaction to proceed from the
higher angular-momentum states. This effect will be noticeable only when
the high J values have appreciably large cross sections.

Below the peak of the excitation function, the reverse effect should
be noticed. However, in this region the Coulomb barrier begins to inter-
fere. The calculations are no longer valid for any of the reactions.ex-
cept the one induced by He . In this case, the Coulomb barrier is suf-
ficiently low and the experimental values do drop off faster than those
which were calculated (see Fig. 19).
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Fig. 19. The isomeﬁ ratio galculated %%%ording to Eq. (9) for

the reaction Helt + Ball®  celd,10Mm 4 3n, plotted as a
function of the excitation energy. The lines are numbered
according to the value of k wused in the calculation. The
dashed line represents the experimental values.
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Fig. 20. The isomer ratio calculated ccordlng to Eq. (9) for
the reaction He? + Balll s celdTs 57m + 3n, plotted as a
function of the excitation energy. The notation is the same
as for Fig. 19.
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Fig. 21. The isomer ratio calcula ording to Eq. (9) for
the reaction C12 + Te 8 - Ce%g%’%%$m + 3n, plotted as a
function of the excitation energy. The notation is the same
as for Fig. 19. '
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Fig. 22. The isomer ratio calculaig% T%%ordlng to Eq. (9) for
the reaction ILil + €133 5 ce I+ 3n, plotted as a
function of the excitation energy. The notation is the same
as for Fig. 19.
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The experimental isomer ratios at the peak of the excitation
function fall between the calculated curves for ¥ = 5 and k = 7 in all
cases. It is interesting that the same cutoff region works for all the

reactions even though there are different amounts of angular momentum

in each one.

C. Isomer-Ratio Calculations

As indicated in Appendix E, the isomer-ratio program calculates the
spin distribution for the excited compound nucleus and for each step in
the de-excitation. Plots showing the change in distribution throughout
the process are ahown in Fig. 23. The distribution resulting from the
emission of the next-to-last <y ray in the cascade is used to determine
- the isomer ratio. The last <y ray is assumed to populate either the
high-spin or low-spin isomer, depending upon which transition has the
smaller spin change. The metastable state of Ce157 has a spin of 11/2—
and the ground state has a spin of 5/2+ . Thus all states in the dis-
tribution with spins above J = 7/2 should populate the metastable state,
whereas those states below it should populate the ground state. The state
with J = 7/2 should be split between the two isomers if only spin were
139

considered. However, recent work on the energy levels of Ce s which

has an 11/2— metastable state and a 5/2+ ground state,‘showed that all the
low-lying states (except for the isomeric state) had positive parities,35
A state of spin and parity 7/2+ exists at 1.34 MeV. A similar situation -
probably exists for the low-lying levels of Cel57. The transition from

the 7/2+ state to the 3/2+ ground state is E2, whereas a transition to

the 11/2- metastable state is M2. Since the electric quadrupole (E2) trans-
itions occur much faster than those of magnetic quadrupole {M2) character, it
was assumed for these calculations that the 7/2 state decayed entirely to

the ground state.

1. Parameters Necessary for the Calculation

The results of the calculation are effected by the values given to

various parameters. One of the more basic of these is the level-density
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Fig. 23. The spin distribution at various stages in the compound
nucleus de-excitation plotted as a function of J. The curve
labeled nq represents the distribution after the emission of
one neutron. The other curves are labeled iccordin%ly. The - ,
distributions shown are for the reaction He™ + Bal3® ., gellT,15Tm
+ 3n, at a bombarding energy of 35 MeV.
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A 36D(A,E) = C exp
[2(a,E)"/“] , and 1s related to the single-particle level density g by
the relationship>' ' '

parameter a. It arises in the level density formula

a = (1/6)m° g. (10)

The approximate value of a has often been taken to be (A/lO)MeV-l.38

Other analysis suggests g = A/8 with lower values near closed shells.39
Since Ce157 is three neutrons away from the 82-neutron shell, values of
8 = A/10 and a = (A/8)MeV-l were used. Figure 24 shows the effect of a
on the calculation of the isomer ratio. '

It was assumed that the energy carried off by the emitted neutrons
.was the average kinetlc energy. This approximation has been found to be
quite reasona.ble.15 The values for the average energy were taken from the
data of Simonoff and Alexander, who plot the average energy of emitted
neutrons as a function of available energy per emitted neutron for a serles
of heavy-ion reactions producing dysprosium.ho Their data indicate that
the a#erage energy 1s independent of the reaction. The isomer-ratio
calculation using these data was found to be consistent with a similar
calculation using the mean kinetic energy given by evaporation theory,
2 (g E*)l/e. Transmisslon coefficients for the outgolng neutrons were
taken from Feld et al.ul

Another parameter important to the calculation is the number of
Y rays in the cascade. Strutinski has given an eQuation for the average
number of < rays for the case in which the fraction of excitation carried

off by each photon is smll.l'L2 This is written as

N, = [1/(2+ D) (8 g*y1/2 (11)

This same work also contains an equation for the average energy of the
Y rays. This equation has been modified by Vandenbosch and Haskin so
that for dipole radiation the <y rays have an average energy
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Fig. 2L4. Curves showing the effect of the level density parameter,
a, on the isomer-ratio calculation. The other parameters were
the same for both curves. The parameters are listed in Table
VI.
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l%=huf-lvgﬂk- | (12)

Mollenauer has foundMexperimentally that the 7y rays have an average energy
of 1.2%0.3 MeV.lu Each estimate was used in a calculation in which all the
other parameters were the same. The results are shéwn in Filg. 25. It is
seen that the three methods of evaluating the number of <y rays in the

cascade give similar results. For a 45-MeV a particle incident on Bal36 s

Eq. (11) predicts that seven 7Y rays are needed for the calculation, whereas
Eq. (12) predicts six and the third estimate calls for nine < rays. Since
the gammas are of different energy, the results of the calculation are not
appreciably changed. ‘

Little is knoﬁn about the multipolarity of the -y rays emitted.
Mollenauer has found predominantly quadrupole radlation for Heh bombard-
ments of barium. However, for 012 incident on tellurium (a reaction that
has more angular momentum), he found a predominance of dipole emission.
Vandenbosch attributes mdst of the quadrupole radiation to the decay of
states with very high angular momentum that were "forced" to get rid of
it.LL5 In spite of the higher‘multipolarity of the 7Y rays, these stétes
will still eventually populate the high-spin isomer. Since the isomer-
ratio calculation 1is dependent upon the low-lying states that could populate
the low-spin isomer after Y -ray emission, he did not consider quadrupole
radiation. In this work, one calculation was performed with quadrupole
Y rays only. This is shown with'a similar calculation using dipole 7Y rays
only in Fig. 26. '

The most sensitive paraméter in the isomer-ratio calculation is
o , the spin cutoff parameter. Since the calculation is a statistical one,
the dependence of the nuclear level density on.the angular momentum is

important. The nuclear level density has the approximate form15

p(3) = p(0) (23 + 1) expl-(3 + 3)°/26%], - (13)



-51-

3() T T T T 1

20

O | 1 1 1 1
30 40 50

Bombarding energy (MeV)

MU.32233

Fig. 25. Curves showing the effect of the number of gamma rays in
the cascade on the isomer-ratio calculation. The calculation
of curve 3 employed Eq. (11), that of curve 4 used Eq. (12),
and the calculation of curve 5 assumed 1.2 MeV/vy. The other
rarameters were the same for each curve.
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Fig. 26. Curves showing the effect of the multipolarity of the
gamma, rays on the isomer-ratio calculations. The other param-
eters were the same for both curves. ’
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where p(0). is the density of levels with zero angular momentum and
contains most of the level density dependence on excitation energy. The
parameter ¢ , characterizes the distribution of J in the nuclear levels.
Its value depends upon the choice of nuclear model. In the simplest case,

the Fermi gas model,

C=ct = tii /8 (14)

where ‘}L is the rigid-body moment of inertia. It has been shown thatlm

‘J7r = (2/5) MnR2 A, (15)

where. M is the nucleon mass and R is the nuclear radius taken as 1.2
1

A 5 fermis. The thermodynamic temperature t comes from the equation
of state for this model, -

E =at° -t . (16)

The Fermi gas model has been shown to be valid at excitation
energies of = 10 MeV and sbove. However, below this energy, the moment
of inertia 1s expected to be less than the rigid-body value.u5’u6 This
reduction has been attributed to the pairing interaction, which favors
states with particles coupled in. pairs to zero angular momentum. The
Fermi gas model has. been modified to include a. simple form»of\pairingau7’u8
In this model, the energy required to break a pailr of nucleons is 28 and
is taken to be .independent of the excitation energy. The approximate

equation of state becomes
U=a £ (0.25 + 0.75 exp(-0.8748/t)[1 + (0.87h&/t)]} - t, (17)

where U 1s the excitation energy for an even-even nucleus, so that
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U = E* even-even nuclei,
*
U=E + 8 odd-mass nuclei, (18)
* .
U=E + 2%, odd-odd nuclei.
. . . Lo
The pairing energy is approximated by
28 X 3.36 - 0.0084 A MeV. (19)
The spin cutoff factor becomes
o° = "t (20)
where
&" = (c’)l/5 (1/2 ¢ + 1/2 c')g/5 (21)
and

c't = ct exp(-0.87hd/t) + ¢ (me)[lf— exp(-0.8748/)]

(22)

where e = 0, 1, or 2 depending upon whether the nucleus 1s even-sven,
odd mass,‘or odd-odd. The factor (m2> is the mean square value of the
magnetic quantum‘number of individual nucleons and is taken equal to
<Qr/¢ﬁ2g)o5o

A third nuclear model pertinent to this work employs the Bardeen,

51

Cooper, and Schrieffer theory of the superconducting state. According

to this theory, a transition temperature exists below which excitation
of a given particle requires an energy (Ek) which is more than that re-
gquired in the Fermi gas state (ek). The energy difference is given by
the expression Ek2 = ek2 + 92. The quantity © has a value of 90
at a temperature very near zerc, and diminishes to O at the transition
temperature. The transition temperature tc 4 1s defined as 0.57 80,

and Goa’a . Below the transition temperature, the approximate eguation
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of state 1is
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E=a8a te_ exp(-6/t) [1 + 20/t + 2(6/t)2] (1 + ee/t]“l/g- c, (23)
where
c = (1/4)g [6° - 6°1n (92/902) - eoé] .

The values of 9/90 as a function of t/tc are given in Ref. 49. The spin

cutoff factor for this model becomes

6% = ™ t = ct[2(1 + 26/t)l/2] (1 + exp(e/t)j'l + e(me)[l - exp(-6/t)].

(24)

Above the transition temperature, the nucleus is expected to behave as a

Ferml gas and obey the relationship

B = e_1t2 -t + (g/u)a2 -€d .- (25)

The spin cutoff factor is then given by Eq. (14). For ce™ the transition
temperature is 0.62 MeV. This corresponds to an excitation energy of 9.1 .
MeV. | _ _

The spin cutoff'factor calculated for each. of the three nuclear
models is shown in Fig. 27 as a function of excitation energy. Figure
28 shows the effect of.o on the isomer-ratio célculations. The curves are
labeled to 1ndicéte the method of calculation - . for the Fermi gas model,

cp for the simple pairing model, and O for the supercondﬁctor model.

2. TResults of the Célculation

Many calculations were performed with different combinations of
the parameters. described above. Figures 24k, 25, 26 and‘28 show the effect of
these parameters on the calculation’of'thezisomef ratio for the reaction
Heu + Bal56—> Celi7 + 3n. Table VI lists‘the varlous parameter values
used in each calculation. It is evident that the calculated valueé of the
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Fig. 27. The spin cutoff factor plotted as a function of excit-
tation energy. The different curves represent o¢ calculated
according to three nuclear models: the Fermi gas model (o),

a simple pairing model (Op), and the superconductor model (og).
In the latter two curves ¢ = 0.



-57-

30— T - T T

251 —

-

O | ! - 1 §

30 40 50
Bombarding energy (MeV)

MU-32235

Fig. 28. Curves showing the effect of the spin cutoff factor on
the isomer-ratio calculations. The calculation of curve 8
employed the Fermi gas o (or), that of curve 9 used the super-
conductor o (cs), and the calculation of curve 10 used the
ralring model o© (cp). The other parameters were the same in
each curve.
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Table VI. Parameters used in the various calculations.

Equzt%on Number of
CZiiulgging ‘ Form iilsﬁiih
number of  Multipolarity of results
No. Bombarding a v rays of ~y rays o shown
1 Heu A/10 (11) 1 o, 2k
2 Hei A/8  (11) 1 o, 2k
3 Heh A/8 (11) 1 o, 25
b Heu A/8 (12) 1 o 25
5 He A/8 a 1 o 25
6 Heu A/8 (11) 1 o, 26
T Heu A/8 (11) 2 a. 26
8 HehL A/8 (11) 1 o, 28
9 Hei A/8 (11) 1 o 28
10 HeLL A/8 (11) 1 o, 28
11 He A/8° (11) 1 0.7 o 29
12 ct? A/8 (11) 1 070, 30
13 He” A/8 (11). 1 0.7 o, 31
1L L' A/8 (11) 1 0.7 o 32

H

%Value of 1.2 MeV/y was used.
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isomer ratio are too large when compared with the experimental values.
Similar.calculations for the Clgy HeB—,and Li7-induced reactions yielded
results that are also too high. Apparently, the spin cutoff factor (o)
calculated according to each of the nuclear models is too large. Thus,
a -fraction of o calculated according to the Fermi gas model was used to
lower the results of the isomer-ratio calculations. The best fits were
obtained when 0.7 0. vas used. This corresponds to lowering the moment
of inertia to 0.7 of the rigld-body value. The values calculated with
0.7 . are compared with the experimental values for all the reactions
studied in Figs. 21 through 32. Possibly other combinations. of the
parameters could also be found that would approximate the experimental
results. . However, since we dld not know how accurate the estimates of
the parameters were, we did not consider it worthwhile to pursue the

problem further.
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Fig. 29. A comparison of the experimental isomer ratios with the
isomer-ratio calculations by using 0.7 o0p. The experimental
values are reprﬁsented by the dashed line. The curves are for
the reaction Het + Bal36 5 (el37,13Tm + 3p,
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Fig. 30. A comparison of the experimental isomer ratios with the
isomer-ratio calculation by using 0.7 o0n. The experimental
values are represented hy the dashed line. The curves are for
the reaction C12 + Tel20 _, (eldT,15Tm 4 3y,
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Fig. 31. A comparison of the experimental isomer ratios with the
isomer ratios calculated by using 0.7 0,. The experimental
values are represented by the dashed line. The curves are for
the reaction He3 + Bal3T - (eld7,13Tm 4 3,
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Fig. 32. A comparison of the experimental isomer ratios with the
isomer ratios calculated by using 0.7 o0n.. The experimental
values are represented by the dashed line. The curves are for
the reaction IiT + Csl35 o ¢eldT,13Tm + 3p,
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V. CONCLUSIONS

The experimental results lead to several conclusions:
1. The ratio of the formation cross section of the high spin isomer to
that of the low-spin isomer increases. with increasing bombarding energy.
2. The increase of the isomer ratio with energy 1s mainly due to ‘the
increase of the angular momentum with energy.
3. It i1s best to compare isomer ratios produced in different reactions
at the peak of the excitation function. Above the peak, the isomer ratio
is further increased by the competition of neutron and <y -ray emission
that forces the reaction to proceed from states with high angular momentdm.
Below the peak, the reverse effect prevails and the reaction proceeds
from low angular momentum states.
_ The calculationsbased on the theory of Huizenga and Vandenbosch
show that with present knowledge of the‘various parameters, this formalism
is adequate to describe the de-excitation of a compound nucleus to one of
two long-lived nuclear states. Further information is needed on the level-
density parameter a, the number and multipolarity of -y rays, and the
energy dependence of the spin cutoff factor before the theory can be

completely tested.
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APPENDICES

A. Target Preparation

1. B!

137

Ba(NOB)g., enriched to 81.9% in Ba™~', was dissolved in a minimum
amount of water and added to an equal volume of acetone. One-half-mil

Cu foils were washed with water and acetone,. heated at 600°F for 5 min,
cooled, and weighed. The Ba(NO5)2 solution was brushed on &nd the foils
were heated again. After cooling, they were lightly wiped with tissue
paper and more sclution was brushed on. . The process was repeated about

15 times to get target foils that were 0.35 mg/cm? in Ba157(NO

2. Bal36

One-mil Cu folls were washed with water and acetone, placed in a

3)2 °

furnace at 9OOOF for 15 min, cooled,and weighed. A water-acetone solution
of Ba(N05)2 , enriched to 92.9% in 38156, was applied to the foils with a
250- A micropipet. Four applications were made with alterante drying to
produce foils that were 0.7 mg/cm2 in Ba156(N05)20 Because the Hea beams
haiaéo be kept so low, these targets were made thicker than those of the
Ba .

5. Qs

A small dish made of 3-mil Ta foil was suspended between the
electrodes of a vacuum evaporator and filled with CsNo5o A 0.2-mil Cu
foil was suspended above the dish by a tripod stand. An aluminum plate
with a 0.75-in. hole in it was placed in front of the Cu foil so that a
deposit of known area could be obtained. At a pressure of 10u, the current
was turned on and the dish heated to redness for 10 min. The resulting foils

had CsNO, deposits whose thickness averaged 1 mg/cm2°

3
This method produced the best target foils, but since it wastes
much of the material it could be used only for the cesium targets in which

Cs155 is the only stable isotope.
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4, Te128

Tellurium metal, enriched to 96.4% in'Te128,'was dissolved in

and evaporated to dryness. - The white flaky residue was dis-

9 M-HNO
3 128

solved in enough 0.2 M HNO5
Copper. foil 0.05 mil. thick was clamped between the brass base and Teflon

to make a plating solution 1 mg/ml in Te

cylinder.of.fhe plating cell,. and the cylinder was filled with solution.
A current between 2 and 3 mA was applied for:30.min. The weightoofsthe
128
Te .
covered that the dilute nitric acid plating solution was attacking the
Cu foils. A plain 0.2 M HNO3

under identical conditions so that the.amount dissolved could be determined

plate seemed very small; this was not understood until it was dis-

solution was applied to 0.05-mil Cu foils
and a correction bec made tc the foil weights.

The isotopic abundances of the various target materials are shown

in Table A-I.

-B. Range-Energy Relationships

Most of the range-energy relationships used in this work were

7

taken from the litera-ture.gl’sz’55 However, the range of ILi' in copper
and cesium and the range of 012 in tellurium have not been tabulated.
The range of a particle in a given material is related to that of a

proton in the same material by
Ry(Ty) = (/2 (uy/u) Ry [l fugdTy 1, (26)

where Z3 ~1s the charge of the particle, Hy is its mass, pp is the mass
of the proton:, and Rp[ﬁp/ui)Ti ] is the range of a proton of energy
(“p/“i)Ti . -8ince data for protons in cesium and tellurium were not
available, the ‘ranges of Li7 in barium.and-Clz-in iodine were calculated.

Equation.(26) represents an. approximation, since there is a slight
dependence of the maximum energy transfer on By To correct for this,
the range.-of‘Li7 in aluminum was calculated with the proton data of

Sternheimer54 and divided into the values calculated by Northcliffe°53



Table A-T.

-68-

The isotopic abundances of the target materials

Target Isctope Abundance Target - Isotope Abundance
enriched (%) enriched (%)
in in '
pa 120 150 < 0.05 Te 120 120 < 0.05
132 < 0.05 122 < 0.05
134 < 0.1 123 < 0.05
135 1.08 £ 0.05 124 < 0.05
136 92.9 + 0.1 125 0.06
137 1.77 £ 0.05 126 0.77 £ 0.05
138 b2k + 0.05 128 %.43 £ 0.1
130 2.7h + 0.1
Bato 130 < 0.03
132 < 0.03 s 133 100
134 < 0.05
135 < 0.1
136 0.63 £ 0.05
137 81.9 :x 0.1
138 17.% 0.1
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The quotient was used to correct the ranges in copper and barium. These
ranges were calculated with the proton data of Sternheimer for copper
and those of Williamson for barium.21 The results are shown in Fig. 33.

In a similar way, the range of C12 in iodine was calculated by
use of the proton data of Williamson, and corrected to the data of Hubbard.
The results are shown in Fig. 34. TFigures 35 and 36 show the range-energy
data for He3 and Heu that are tabulated in Rev. 21.

C. Chemical Separation

The chemical procedure used was based on a separation described by
Glendenin.25 Fach target foil was dissolved in 4.5 ml of 15 M HNO3 to
which was added 2 ml of 2 M NaBrO3 and 1 ml of Ce+3 carrier solutioh
(10 mg/ml). The cerium was oxidized to the +4 state by the NaBrO3 and
strong acid. The solution, which was 9 M in HNO3 , was transferred to a
separatory funnel containing 15 ml of methyl isobutyl ketone (hexone).
‘Before the chemistry was started, the hexone was equilibrated with an
equal volume of 9 M HNO3 to oxidize any reducing ageqts. The solution was
shaken with two separate volumes of hexone and discarded. The two organic
' phases containing the yellow Ce+h were combined and washed with 10 ml of
9 M HNO5.
containing a few drops of a 30% solution of H202. The aqueous phase was
removed, neutralized with NHuOH, and acidified with 1.5 ml of 6 M}HNOB.

This solution was heated to boiling, added to 15 ml of saturated

(NHu)eceou , and cooled in an ice bath. The precipitate [CeQ(CéOu)B- . 9 H20]
‘was filtered on glass-fib r "ilter disks, washed with water, alcohol, and
ether, then dried in a vacuum desicc.tor. Aft r w-iching. the filtesr ¢ sks

The cerium was reduced and back-extracted into 5 ml of H,0

were mounted on aluminum counting ple .es and cove. :d with Scotch .ane.

In order to determine the chemicalvyield 7 the sampies, a kno.a
volume (1 ml) of a calibrated carrier solution (10.6 mg/ml) was always
used in the chemical separations. As some doubt exists aboﬁt the number
of water molecules attached to each cerium oxalate molecule, the molecular

weight of the oxalate precipitate could not be calculated. Thus some
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33. The range-energy relations for Li7 in several materials.
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Fig. 34. The range-energy relations for 012 in several materials.
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Fig. 35. The range-energy relations for He5 in several materials.
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nonradiocactive samples were made in the usual way except that "ashless"
filter paper was used in place of glass fiber filters. The oxalate pre-
cipitates were weighed, placed in tared crucibles, and ignited at 95000 for
15 min to convert the cerium oxalate to cerium oxide (Ce02). The amount

of cerium present was determined from the weight of Ce02. Since the amount
of carrier used was known, the yield in these samples was established.

By comparing the yield with the corresponding weight of the oxalate pre-
clpitate for each sample, the best value for the amount of precipitate
formed in a separation with 100% chemical yield was determined. This
value was determined independently of the number of water molecules
attached to the precipitate, though a comparison of the weight of CeO2

to that of the oxalate in the above samples showed that this number was

9.

D. Decay during Bombardment and Counter Geometry

The total number of nuclei (NT) produced during irradiation for
time T is related to the number present at the end of bombardment (NO)
by '

N

= N, (T/TI/Q){O'693/[1 - exp(- AT) ]} (27)
For an isomer ratio, this expression becomes

My, My - (N%/Nogml fo g/ Tijp W1 - e@(ADI/1L - em(ADD) -
(28)

The uncorrected ratio of cross sections is Nj /NO . Thus, the factor
i 7g

(T1/p ¢/Tajp 1) (11 - ex@(AD/[1 - exp(- X T)]) (29)
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was multiplied by the experimental isomer ratios to obtain the corrected
values. ,A plot of this factor as a function of time from the end of
bombardment is shown in Fig. 37. '

The geometry'of“ﬂﬁ,varioﬁs ;shelves.in the counter was determined

137

source whose disintegration rate was known. The area

25

by counting a Cs
under the 662-keV peak was corrected for peak-to-total ratio, - and coun-
ter efficiency55 to find the number of <y rays incldent on the crystal.
This number was divided by the.disintegration rate to give the counter

.geometry. The results are shown in Fig. 38.

E. Computer Programs

1. Least-Squares Programs, FRENIC and LENIC

The FRENIC program performs an iterative least-squares analysis on &
radiocactive decay curve of as many as ten components. Thus, where Y
represents a measured data polnt at ti minutes from the end of bombardment,
a'j represents. the ordinate intercept of the jth component, and XJ

represents its decay‘constant, FRENIC fits the expression

n . k 5 '
Y W [yi -V ey e;cpc-xjti)] (30)
i=1 !

=1

.

to each point and minimizes the .square of the deviations. 'Wi is the
weighting factor and can be 1, l/yﬂ(l/yi)e, or a number arbitrarily
chosen and punched on each data card. A wi, of (l/yi)2 representing
equal. statistics was used in this work. Guesses of the Aj and Xj

are part of the input and may either be held constant or varied. The out-
put contains a listing of the parameter guesses, final least-squares

answers, and the standard deviation of each parameter.



~-76-

o
O
T

Tirz, [1-exp (-2, T)]
T, [1-exp(=x, T)]

o
(s}
T

0.7 — . -
0 2 4 6 8 10

Time (h)

MU-32244

Fig. 37. The decay during bombardment correction as a function
of the time from the end of bombardment.
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LENIC also performs a least-squares analysis on a complex decay
curve using expression (30). The y; and exponential terms are premultiplied
by unitary matrices so that the exponential is transformed into a form
having zeros below its main diagonal. The aj values are determined and
improved until (50) is a minimum. For this program no guesses are necessary
for the aj but accurate values of Kj are needed and cannot be varied..
The weighting factor Wi can be l/yi , corresponding to’data counted to
equal time, or (l/yi)2 corresponding to equal statistics. The latber was
used in this work. The output consists of the coefficients, the standard

deviation of the coefficients, and the square of the residuals,

{wi (v, - i 8y exp(-kj‘ci)]}2 - (31)

J=1
Both programs treat the decay curves as a sum of simple decays or
F = Z ay exp(-xit) . (32)

For the two-component growth and decay situation of this work, Eq. (28)

becomes

P DBy - 2] A fexm(Agt) - exp(Agt)] + &) exp(-Ast)  (33)
F o= Dy - A1 A exp(-Agt) + (40 - Digfy - )1 A5) exp(-25t)
(34)

Thus, in this'case, the coefficients calculated by the computer are

a; = Dy/Oy = 20 A7 9
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and
a, = A - a, - (36)

2, Parabolic Approximation

This program calculates transmission coefficients for penetration
of the potential barrier by a charged particle. A parabola is used to

approximate the potential function

V(R) =V, + V, +V_ , (37)
where
zZ Z' e2
| v, = A (Coulomb potential),
2
_hT 2 (L + 1) ) RN
v, = R (centrifugal potential} ,
and
. RO.;.R
V., = Vg ex (———E——— ) (nuclear potential),

The program finds the value of R for which V(R) is a maximum for given
values of the parameters VO s RO , and C. The transmission coefficient

is then calculated by the relationship

-1
T = {1+ exp [?——%l%—E)J , (38)

where

2 1/2
3 2
u or .
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The output includes the transmission ceefficient for a given [ value,
T, , the cross section for a given £ value, g, =T ke(zz + 1)T£ , the
total cross section, o = 2 Oz ; and the average angular momentum, (£) =

>4 oz/z o,

The values of the parameters V R., and C were taken from Viola

0”770
and Sikkeland, who list the best-fit values for He and various heavy ionso)7

3

The parameter values used when He” was the projectile were the same as those

it

used when Hel'L was the projectile. The values for 1i" were interpolated

between those for HeLF and Bll .

3. Tsomer-Ratio Program

The program is divided into three parts. The first part computes
the partial compound-nucleus cross sections and the initial compound-
nucleus spin distribution. The cross section for formation of a compound
nucleus with spin JC at a bombarding energy E 1s computed by using the
relationship
J +8

T#s 2 JF +1

A c
o (3., E) = e EZ ya e ein) T B

s = [I-s] £=[J.-S|

where s 1s the projectile spin, I 1s the target spin, % 1s the

de Broglie wavelength of the incoming proJjectile, and TE is the trans-

mission coefficient of a projectile with orbital angular momentum b4
and energy E. The output for this section includes J_ , ¢ (JC , B),
and P, = c(JC 5
were calculated oy the parabolic approximation.

E)/% o(J, , E). The transmission coefficients used

The second part of the program computes the spin distribution
following particle emission. The relative probability for an initisl
state of spin JC for emitting a particle to a final state of spin Jf
is taken as
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- 1
J s Jc+ S

o(1); =olly) ) 5 T, (), ()

° S = ’Jf_sr( z'.={JC-sy

wﬁere s' 1s the intrinéic spin of the emitted particle and“T'z, (E)

is the transmission coefficient of a particle emitted with angular momentum
£' and energy E. The density of states with spin Jf s p(Jf) , 1s pro-
portional to (2 J, + 1) expl-(J, + %-)2/202] , in which o is the spin
cutoff factor. The yiéld of spin Jf coming from initial spin Jc is
obtained by multiplying the initial yield of JC(BJ ) by the fraction Jc
decaying to J. . The total yield of J, (PJ ) i§ then computed by

summing over all values of JC . This process is repeated for each value
of Jf . The PJ values for the first particle emitted then become the
P for the secgnd emitted particle and the process continues until all

J
pagticles are emitted. The transmission coefficients for the emitted

neutrons (Tz,) were taken from Ref. 39.

The final section of the program calculates the spin distribution
following 7y -ray emission. The probability of decay from a state Ji to
a state J is assumed to be proportional to the density of final states

f
with spin Jf . The total yield of Jf ls taken as

Jf + f

- i L1
FJf zg: T+ ()
Jo=|T-1| '
= 17et j{: JEN

Je= -1 ]
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where the level density, p(Jf) ; 1s defined the same as above, [ 1is the

multipolarity of the emitted y ray, F is the initial spin distribution

J.
(following the final-particle emission or the previous <y -ray emission),
and

&, , d

g0 Jp=1Af I, - J. | < £ <] I+ T,

Otherwise SJi, Jf = = 0.
The delta function is necessary because of selecticn rules forbidding
O - O transitions for [ =1 and O — 1 transitions for { = 2. The
calculation using Eq. (41) is repeated for each 7y ray emitted until the
next-to-last emission occurs. From here, the nucleus must de-excite
to either the metastable state or the ground state. This is simulated by
dividing the distribution according to the spins of the two isomers.
The assumption is made that the transition with the smaller spin change
is the one that will occur. Thus, the states of lower spin will de-

excite to the low-spin isomer while the rest feed the high-spin partner.
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