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The experimental data on the probabilities of exciting isomeric states in (y,v’) and (y,n)
photonuclear reactions at energies from threshold to the giant dipole resonance are reviewed. The
isomeric ratios for gq/, %112, and i3, single-particle neutron states are given, together

with those for two-quasiparticle states and shape isomers. The experimental values of the isomeric
ratios are compared with the values calculated using the statistical model. The properties of
nuclear levels in the energy range 1-6 MeV, via which isomeric states are populated, are
discussed. © 1996 American Institute of Physics. [S1063-7796(96)00504-9]

1. INTRODUCTION

One of the main sources of information about the prop-
erties of excited states of nuclei is nuclear reactions involv-
ing various bombarding particles. These reactions allow the
determination of several parameters of individual levels
(spins, parities, electric and magnetic moments, matrix ele-
ments of radiative transitions), and give information about
the statistical properties of the levels at high excitation ener-
gies (the dependence of the level density on energy and an-
gular momentum). Obviously, when various bombarding
particles are used, certain subsets of nuclear levels are se-
lected and only some of these parameters are clearly mani-
fested. Therefore, by using a wide range of particles (from
v quanta to heavy ions) to study nuclei, it is possible to
obtain a complete picture of the properties of nuclear levels
up to high excitation energies.

The main feature of photonuclear reactions (PNRs) is the
fact that the interaction between the bombarding particle (a
v quantum) and the nucleus is entirely electromagnetic.
Therefore, the nuclear properties related to electric charge
are primarily manifested in PNRs. For example, in vy absorp-
tion by nuclei an important role is played by electric and
magnetic resonances of various multipole orders, which de-
termine the value of the reaction cross section. The main one
is the giant dipole resonance arising from the collective mo-
tion of the protons relative to the neutrons in the nucleus.

The special feature of y quanta as compared with other
bombarding particles in nuclear reactions is the absence of a
binding energy and Coulomb barrier. Consequently, the
nuclear excitation energy corresponds to the energy of the
absorbed v, and the reaction cross section is sizable down to
very low excitation energies. This gives rise to the unique
possibility of studying PNRs and the levels involved in them
at low excitation energies below the nucleon binding energy.
In addition, at energies E£,<30 MeV the y wavelength is
noticeably larger than the nuclear size (for example, at
E,=15MeV and A =125 the values of X and R are, respec-
tively, 80 F and 6 F). In the long-wavelength approximation
the electric dipole absorption of y quanta dominates, and the
contribution of magnetic dipole or electric quadrupole ab-
sorption amounts to only a few percent. Therefore, in this
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energy range the 7y contributes to the nucleus an angular
momentum close to 17, and this value is practically inde-
pendent of the y energy. This strongly limits the range of
spins of the excited levels and simplifies the interpretation of
the results.

Studies of the properties of levels excited in PNRs are
focusing on several areas. One is the measurement of the
energy or angular distributions of the particles or y quanta
emitted in PNRs. Another is the measurement of both the
total and the partial cross sections corresponding to the ex-
citation of certain final states. In the last case the measure-
ments will be more effective if the final state is an isomeric
state with sufficiently large half-life, so that the bombard-
ment and measurement processes are well separated in time.
By performing the measurements in the absence of the 7y
beam bombarding the target, it is possible to significantly
lower the background and raise the sensitivity of the experi-
ments, so that levels excited in reactions with cross sections
of as little as a fraction of a microbarn can be studied.

At the present time, more than a hundred isomeric ex-
cited states with half-life greater than 1 sec are known.' The
main reason for the existence of isomers is a large difference
between the spins of the isomeric and ground states of nuclei
(AI=3). Such isomers are concentrated in regions of nuclei
with the number of protons or neutrons just less than that of
a filled shell (50, 82, or 126). In deformed nuclei there is a
selection rule in the quantum number K (the spin projection
on the nuclear symmetry axis). It greatly retards radiative
transitions of small multipole order, thus leading to the ap-
pearance of isomers. In heavy nuclei of the actinide elements
(from U to Bk) there are excited states characterized by
quadrupole deformation significantly larger than for the
ground state (shape isomers or spontaneously fissioning
isomers?). The large difference between the deformation pa-
rameters also causes radiative transitions to be strongly for-
bidden. However, the probability for spontaneous fission
from an isomeric state is strongly increased, so that the life-
times of such nuclei turn out to be small (<1072 sec).

An isomeric state is usually associated with an entire set
of levels lying above it and having the same structure: a
rotational or vibrational band constructed on the isomer, the
components of a single multiplet with the same number of
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quasiparticles. Radiative transitions between the levels of
this system are usually more probable than those to other
levels. The study of these levels and measurement of their
parameters is very interesting because it allows the isomer
structure to be understood in more detail. For example, by
studying the properties of the levels associated with shape
isomers, it has proved possible to obtain complete informa-
tion about the structure of the potential barrier in heavy nu-
clei: the depth of the potential well, the heights of the inner
and outer barriers, and the nuclear deformation in the iso-
meric state.

However, the study of the properties of such states pre-
sents certain difficulties. These states are usually not mani-
fested in B decay, and in nuclear reactions involving charged
particles or neutrons they cannot always be isolated from the
other excited levels. However, the features of PNRs men-
tioned above make these reactions useful for studying such
levels.

The set of excited states involved in isomer population is
largely determined by the type of PNR used and the energy
of the vy radiation. When bremsstrahlung radiation with a
continuous energy distribution (from zero to the maximum
value) is used in 7y capture, it is possible in principle to excite
all the levels connected to the ground state by radiative tran-
sitions which are allowed by the spin and parity selection
rules. However, actually only those levels with large reduced
probabilities of radiative transitions to the ground state are
excited, and transitions of low multipole order dominate.
These levels usually belong to collective multipole reso-
nances or have large admixtures of such resonances in their
wave function. Among them the strongest is the above-
mentioned giant dipole resonance lying in the range 15-20
MeV. The main properties of this resonance are discussed in
Refs. 3 and 4.

Owing to their very small width, isomeric levels (for
T1»>1 sec, AE<10™'* eV) are rarely excited in the capture
of a y quantum of energy equal to the energy of the isomeric
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FIG. 1. Scheme of isomer excitation in photonuclear reactions.

state; instead, they are populated in radiative transitions from
higher levels. These can be both activation levels [in
(v,7") reactions] and levels populated after the evaporation
of a neutron or charged particle from the compound nucleus.
When the spins of these levels and the isomeric state differ
greatly, a cascade of several vy quanta leads to the latter. The
scheme of isomer population in this reaction mechanism is
shown in Fig. 1. By measuring the dependence of the isomer
population probability on the excitation energy, it is possible
to judge which levels participate in this population and to
find the values of some of their parameters: the spins and
parities, the matrix elements of the transitions to the isomer,
and their statistical characteristics. Information about the
properties of these levels is usually obtained by comparing
the measured probabilities for isomer production with the
results of a theoretical calculation based on the method pro-
posed in Ref. 5. Here various level schemes are used in the
calculations, and a final choice is made on the basis of which
one gives the best agreement with experiment.

It is well known that, in addition to this mechanism of
populating an isomeric state, there is a significant probability
for another mechanism, in which neutrons or charged par-
ticles are emitted until thermal equilibrium is established in
the nucleus. These are either direct processes, when a par-
ticle is directly knocked out of a nucleus by a <y quantum, or
semidirect processes, in which particles are emitted from
states formed while thermal equilibrium is being reached. In
these processes the probability for populating the individual
levels of the final nucleus depends on their spectroscopic
factors, which are usually determined from neutron or proton
stripping reactions. Here the distribution of the final nuclei in
angular momentum and excitation energy will be different
from that in the case of thermal equilibrium, and naturally
this also changes the isomer population probability. This
probability is usually decreased, because the final nucleus
has a lower excitation energy, which leads to a shorter y
cascade populating the isomer. The relative contributions of
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the two mechanisms depend on the 7y energy and on the type
of reaction selected. For example, the second mechanism is
more probable in the (7y,p) reaction and at higher y ener-
gies.

The calculated isomeric ratios (IRs) naturally depend on
the PNR mechanism selected. It is assumed that in a given
range of Z and A (intermediate and heavy nuclei) and bom-
barding vy energy (below 30 MeV), reactions with com-
pound-nucleus formation and establishment of thermal equi-
librium in the nucleus dominate. Direct and semidirect pro-
cesses give a comparatively small contribution. These as-
sumptions are also used to calculate the IRs.

By now a large amount of experimental data has been
obtained on the excitation of isomeric states in various
PNRs. In this review we systematize these data for the
(v,7") and (y,n) reactions leading to the formation of nu-
clei in isomeric states of various types: one-particle states,
multiparticle states, K isomers, and shape isomers. The iso-
mer excitation probability is analyzed on the basis of current
ideas about the PNR mechanism, and the ratios are compared
with those calculated using various models. The properties of
excited levels via which isomers are populated are discussed.

The data on isomer excitation (experimental or obtained
from theoretical calculations) are usually presented in two
forms:

1. Isomeric ratios corresponding to the ratios of the cross
sections for nucleus production in the isomeric and ground
states, 0, /0,

2. Isomer excitation probabilities equal to the ratio of the
cross section for isomer production and the total cross sec-
tion, o,/ 0.

These two ratios are related as

Lo oplog T, o,log

=__m's Tm_ w0 1)

oy l+o,l0,” o C1-o,log

Experimentally, the IRs are determined in those cases
where the nuclei in the ground and isomeric states are radio-
active, and the values of o, and o, are measured directly in
the same experiment. If the final nucleus is stable in the
ground state, it is more convenient to obtain the values of the
isomer excitation probability. Here o is determined in sepa-
rate experiments or is estimated from empirical regularities.

The special feature of PNRs is the fact that in most cases
the measured reaction yields pertain not to a definite excita-
tion energy, but to a range of energies (from threshold to the
maximum bremsstrahlung energy). Obtaining the reaction
cross sections at certain energies from these data is a fairly
complicated procedure (it is described below) which cannot
always be carried out. Therefore, in a number of cases the
IRs given in this review are ratios of integrated cross sections
(integrated over the entire range of the bremsstrahlung spec-
trum) or ratios of reaction yields. The relations between these
forms of IR are discussed in each particular case.
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TABLE I. Sources of monochromatic radiation.

7y energy, Intensity,
Nuclide MeV % Ty
©Co 1173.2 99.90 527 yr
1332.5 99.98
137Cs 0.662 85.21 30 yr
2Na 2.754 99.94 1502 h
%S¢ 1.121 99.99 83.81 day
56Mn 0.847 98.90 2.578 h
1.811 27.20
2.113 14.30

2. EXPERIMENTAL METHODS OF STUDYING
PHOTONUCLEAR REACTIONS

2.1. Sources of y radiation

There are two basic types of y source for studying
PNRs: monoenergetic sources and sources with a continuous
radiation spectrum. The first type are sources in which y
emission is the result of natural or artificial radioactivity, or
of a nuclear reaction of the form (p,7y) or (n,7y). The second
type are electron acelerators, at which bremsstrahlung radia-
tion is obtained with an adjustable value of the maximum
energy, reaching tens or hundreds of MeV.

The advantage of monoenergetic sources is that the mea-
sured cross section can be uniquely assigned to a certain
known excitation energy. However, it must be remembered
that monochromatic radiation is accompanied by a signifi-
cant background of y quanta of lower energy arising as a
result of the scattering of the primary radiation on the shield-
ing surrounding the source. In some cases it is actually this
low-energy scattered radiation which leads to the excitation
of isomeric states.

In Table I we give the characteristics of monochromatic
sources: the 7y energy, the half-life, and the intensity per
B-decay event.! The intensity of these sources can be very
high, up to millions of curies or 10'® sec™!. However, for all
of them the 7y energy, as can be seen from Table I, is lower
than the neutron binding energy, and they can be used only
for isomer excitation in inelastic vy scattering reactions.

In Table II we give the characteristics of (n,7y) and
(p,7y) reactions in which high-energy y quanta are emitted.®

TABLE II. High-energy 7y quanta emitted in neutron and proton capture
reactions.

E¥ EX} I
Reaction (MeV)  (MeV) p./pE* (107 cm?)
“N(n,y)" N 10.829  5.269 0.5 0.075(75)
3Cl(n,y)*Cl 5716  2.864 0.86(7) 43.6(4)
6978  1.601 0.65(6)
®Ti(n,y)*Ti 4882  1.499 0.92 7.84(25)
52Cr(n,y)%*Cr 5618 2321 1.0 0.76(6)
3Cr(n,y)**Cr 8.884  0.835 0.6 18.2(15)
HUB(p,y'C 13.91 4.44 1.0
Na(p,y)**Mg 11.588  1.368 0.961(3)
T Al(p,y)*Si 10.76 1.78 0.796(10)

*E, and E, are the energies of the y quanta.
*%p, and p, are the emission probabilities.
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TABLE III. Basic parameters of beams at electron accelerators.

Electron energy Intensity Intensity distribution

Maximum Energy Average Number of Repetition Pulse
Type of energy, resolution, current, particles per frequency, duration,
accelerator MeV %o MHA second Hz psec
Microtron 30 0.1-0.5 20 10'*-10" 20-1000 0.001-3
RM-100" 120 0.1-0.01 1000
Dynamotron? 10-130 +13 4000 10
Betatron 25-340 0.1-0.5 =] 10'2-10"® 6—1000 0.1-3
Linear accelerator  25-50000 10-0.3 10-500 10'6-107 50-1000 0.001-3

USlot microtron, Institute of Nuclear Physics, Moscow State University.

2TU dynamotron, Darmstadt, Germany.

For a number of these reactions the vy energy is higher than
the neutron binding energy, but the intensity is small.

The advantage of bremsstrahlung sources is that they can
be used to obtain vy radiation of high energy and high inten-
sity, but the spectrum is continuous up to the maximum elec-
tron energy. Currently, there are four types of electron accel-
erator in common use: the dynamotron, the betatron, the
microtron, and the linear accelerator. They have been used to
obtain most of the experimental data on PNRs in the region
of the giant dipole resonance. In Table III we give the basic
parameters of these accelerators.

We see from this table that the current electron accelera-
tors have energies covering the entire range needed for
studying PNRs, and that their intensities are sufficient for
observing isomers produced even with very small cross sec-
tion (nanobarns). By using different timings of the electron
beam, it is possible to carry out measurements both directly
in the bremsstrahlung beam (in this case continuously oper-
ating accelerators are most suitable), between bremsstrah-
lung radiation pulses (for isomers with lifetimes in the range
107%-107"! sec), and a certain time after bombardment (for
isomers with T',,>1 sec). This opens up broad possibilities
for studying PNRs leading to the excitation of different types
of isomer with a wide range of half-lives and production
cross sections.

In recent years, many studies of PNRs with the excita-
tion of isomeric states have been carried out at microtrons.
The basic scheme is shown in Fig. 2 (Ref. 7). In the mi-
crotron, electrons are accelerated by an electric field varying
with constant frequency, and in a constant, radially uniform
magnetic field they move in circular orbits having a common
point of tangency. At this point is a resonator in which a
superhigh-frequency field boosts the electrons. In each pas-
sage through the resonator in phase with the accelerating
field the electrons acquire a certain energy and move to an
orbit of larger radius. When they reach the final orbit, they
are extracted from the vacuum chamber via a magnetic chan-
nel and directed to the target.

The experimental possibilities of the accelerator are pri-
marily determined by the energy and intensity of the beam of
accelerated particles. The distinguishing feature of the mi-
crotron is the fact that unlike a linear electron accelerator of
average beam intensity, it has a small energy spread of
40-50 keV, which is practically independent of the particle
energy. This also determines the lower limit of the energy
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resolution of microtron measurements to determine the de-
pendence of the yield on the energy of the studied PNRs.

2.2. Detectors of radioactive radiation

As a rule, the activation method is used to measure the
cross sections of PNRs in which the nuclides produced in the
ground and isomeric states have half-life greater than 1 sec.
In this method the sample of isotope under study is irradiated
and then transferred to a detector of radioactive radiation (by
a tube conveyer, manipulator, or by hand), where its radia-
tion spectrum is measured.

In Fig. 3 we show an example of an irradiation scheme
for experiments performed in the bremsstrahlung beam of a
microtron using the activation method. The accelerated elec-
trons are directed to a bremsstrahlung target (this is usually a
water-cooled tungsten disk several millimeters thick), be-
yond which is an aluminum absorber several centimeters
thick. The irradiated samples (the one under study and a
standard one) are located right behind the aluminum ab-
sorber. The electron beam is monitored by measuring the
total charge that it transfers to the bremsstrahlung target,
using an electric-charge integrator.

The yields of the PNRs under study are usually deter-
mined from the intensity of the 7y radiation emitted in the
radioactive decay of the reaction products. The energies of
the 7 lines in the spectrum and the time dependence of their

magnet facility for
beam extraction

beam
/
magnet . =
N\
orbits ‘
B

|
resonator — ~ electron source

FIG. 2. Basic scheme of electron acceleration in the microtron.
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intensity (determined by the nuclide half-lives) allow the
identification and measurement of the yields of isotopes pro-
duced in the PNRs. The 7y spectra are usually measured using
scintillation counters with a Nal(T1) crystal, semiconductor
spectrometers of superpure germanium HpGe, or germanium
doped with lithium Ge(Li).®

2.3. Bremsstrahlung spectrum of the y radiation

Despite the development of various methods of obtain-
ing monochromatic photons, bremsstrahlung radiation from
thick targets continues to be widely used in photonuclear
experiments. For analyzing the results obtained using brems-
strahlung radiation, it is necessary to know the shape of the
radiation spectrum for various energies E of the accelerated
electrons, the y emission angles 6, and the thicknesses and
materials of the bremsstrahlung target.

The angular distribution of the bremsstrahlung radiation
is azimuthally symmetric relative to the direction of motion
of the electrons. The angular spread of the radiation depends
on several factors, one of which is the relativistic (kinemati-
cal) spread. The half-width of the angular distribution in this
case can be approximately estimated as mc?/E,, where m is
the electron mass and c is the speed of light. From this it
follows that as the electron energy increases, the bremsstrah-
lung radiation converges to a smaller and smaller solid angle.
However, this spread of the radiation will be observed only
for very thin targets with thickness equal to 0.01 radiation
lengths. For thick targets the multiple scattering of electrons
in the target makes a large contribution to the spread. In
addition, the electron beams of accelerators have their own
angular spread, which gives an additional contribution to the
angular distribution of the bremsstrahlung radiation.

It has been shown in several experiments that the largest
yield of bremsstrahlung radiation in the forward direction in
the energy range 4-25 MeV is obtained when a target of
thickness equal to 0.3 radiation lengths is used. The spectrum
of radiation from such a target cannot be considered to be
equivalent to the Schiff spectrum commonly used for thin
targets;8 it must be calculated specially.

Such calculations have been performed in Refs. 9 and
10, where a thick bremsstrahlung target is represented as the
sum of fairly thin bremsstrahlung targets, for which it can be
assumed that the ‘‘elementary’’ radiation spectrum, i.e., the
emission spectrum of an electron in a single scattering event,
is known. The bremsstrahlung spectra are summed over the
entire thickness of the target, taking into account the energy
lost to electron absorption and scattering, absorption of ra-
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FIG. 3. Bombardment of samples in the bremsstrahlung beam of
the microtron.

diation in the target material, and the probability of back-
ward emission of photons. The bremsstrahlung spectrum is
given by

d*y _—é . dO.B
dKdQ = *iTli gp Bis 1/(MeV -sr).

(2.1)
Here n is the number of layers in the target; i is the number
of a layer; a; is the coefficient of photon absorption in the
target material; 7;(T,,«;) is the transfer coefficient, i.e., the
fraction of electrons reaching the ith layer (in cm™%; T, is
the initial electron energy); N; is the number of atoms along
the electron path after the ith layer (in cm™2);
do/dK[(T,);,a;] is the elementary (intrinsic) bremsstrah-
lung spectrum, where (T,); is the electron energy in the ith
layer, a; is the coordinate of the ith layer, and B; is the
number of photons emitted into unit solid angle at 0° from
the ith layer.

As an example, in Fig. 4 we show the spectra at various
angles calculated in this manner for a tungsten target of
thickness 2 mm and electron energy in the range from 10 to
30 MeV (Ref. 10). This figure shows the dependence of the
bremsstrahlung radiation intensity on the electron angle and
energy. The intensity has a maximum in the forward direc-
tion and decreases sharply with increasing angle for all vy
energies, this decrease being more noticeable for the high-
energy part of the spectrum.

The intensity of the bremsstrahlung radiation decreases
in inverse proportion to the squared distance to the brems-
strahlung target, so that the sample is usually located right at
the target or several millimeters from it.

It is easier to use the calculated bremsstrahlung radiation
spectra if they are represented as an analytic dependence,
which is more convenient for solving the inverse problem:
reconstructing the PNR cross section from the experimental
values of the curves. Therefore, the calculated data'® have
been approximated by a polynomial of fourth degree!! in the
energy range 11-22 MeV or by a dependence with five
parameters'? in the energy range 4—12 MeV. This has made
it possible to describe the calculated data with an accuracy of
better than 10% in these energy ranges.

When these polynomials are used to analyze the experi-
mental results, it becomes possible to include the effect of
the degree of monochromaticity of the electron beam on the
shape of the bremsstrahlung spectrum, which is important for
reconstructing the nuclear reaction cross sections from the
measured yields. This can be done using the expression

Gangrskil et al. 432



100 |

107 &

do/dkdC2, MeV - s’

13tk

FIG. 4. Calculated shapes of the spectra of bremsstrahlung radia-
tion from thick targets.

(2.2

d*N/dkdQ = f fo(E,—E,)d*N/dkdQdE,,

where E . is the average energy of the electrons in the beam,
and f(E,—E,) is the shape of the energy distribution of the
electrons in the beam, which in the simplest case can be
assumed to be a Gaussian.

3. MEASUREMENT OF THE CROSS SECTIONS FOR
PHOTONUCLEAR REACTIONS

3.1. Determination of the yields and integrated cross
sections

The ultimate goal of this method of measuring the in-
duced activity is to determine the reaction yield, i.e., the
number c(¢) of nuclei produced during the irradiation time
per unit target thickness and y flux:

C(t)

o E 9

Aof ¢ 5T ™N(EE y nyy)dEdt

Y(E,) max) = (3.1)

where A is the number of nuclei of interest in 1 cm? of the
target, ¢; is the irradiation time, N(E,E , 1) is the number of
v quanta of energy E in the bremsstrahlung radiation spec-
trum with maximum energy E, pax, and Ey, is the threshold
energy of the reaction.

The number of nuclei produced in a reaction is related to
the area of the measured 7 line in the spectrum of the nuclide
in question as

AS,
ne do f(ti,tgt,) ’

where S, is the area of the photopeak in the y spectrum, X is
the decay constant, n, is the number of bombarded nuclei,
&, is the y-detector efficiency, 7, is the intensity of the y
line in the decay scheme, and f(¢;,t,,t,,) is the time factor,
given by

f(titg ty)=(1—e M)e M1 —e Mm), (3.3)

where t;, t,, and ¢, are, respectively, the irradiation time,
the decay time, and the measurement time.

c(t;)= (3.2)
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In the case of a bremsstrahlung spectrum with maximum
energy E, ., the reaction yield and cross section are re-
lated as

Y(E ) ma) = f;’"”‘os(b‘)N(E,E,m,)dE, (3.4)
th

where o(E) is the cross section of the studied PNR at y
energy E.

The relative method is often used to find the absolute
values of the measured cross sections. Here the yields of the
v line of the studied isotopes or isomers are compared with
the yields of the vy line of isotopes whose PNR cross sections
are well known from other experiments and taken as stan-
dards. Then the object of measurement is the ratio of the
yields of the studied nucleus and the standard, bombarded
simultaneously in the same geometry. It thereby becomes
possible to eliminate the systematic uncertainties introduced
in
measuring the 7y intensity in the absolute method. As
the standard in 7y inelastic scattering reactions it is conve-
nient to use the reaction "In(y,y’)!"™In, and, at energies
above the nucleon threshold, the reactions %Cu(y,n)%Cu
and %>Cu(y,n)%?Cu. The cross sections for these reactions
have been measured many times and are well known.">~!

The reactions In(y,y") and Cu(vy,n) are widely used as
standards, owing to the absence of resonance structure near
the threshold energy for these nuclei, the convenient values
of their half-lives, the intense vy lines from their decay, the
possibility of including the neutron contribution to the mea-
sured yields, and the simplicity of the target preparation.

The resulting dependence of the PNR yield on the maxi-
mum energy of the bremsstrahlung radiation serves as the
basis for determining the reaction cross sections and the ex-
citation function. However, in many cases, especially for
small reaction yields, these measurements are possible at
only one value of the maximum energy of the bremsstrah-
lung spectrum. In this case one finds the integrated PNR
cross section:
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TABLE IV. Monitor reactions used in the activation method.

Reaction Ty E, I, (™ Ey E ) max
keV % MeV-mb
S1n(y,y')! 5"In 449 h 336.2 458 2.8 1.0 10.5
83Cu(y,n)%*Cu 10 min 511 37.1 496 10.9 23.0
%Cu(y,n)%Cu 127 h 511 37.1 426 9.9 23.0
Ey max Therefore, owing to the approximate nature of the right-
Oinl Ey max) = f . O(E)E. (3-5)  hand side of Eq. (3.7) or (3.8), it is possible only to find an
. approximate solution to this problem. Special mathematical
It is related to the measured yield as methods are used for this. They amount to numerical differ-
(E entiation of the yield curves Y (E) with weights determined
Tine( ¥ max) ¥ max 16-20
Y(E ma)= 77— 7 N(E,E, my)dE. (3.6) by the shape of the bremsstrahlung spectrum.
Ey max~ Eth Ey,

The values of the integrated cross sections for the above
standard reactions for different values of E, ,, are given in
Table IV.

3.2. Determination of the differential cross sections

If monoenergetic y sources are used, the PNR cross sec-
tion can be determined directly. In experiments using brems-
strahlung sources, it is rather difficult to find the cross sec-
tion, because the bremsstrahlung spectrum must be
eliminated from the experimental yield curve. As shown
above, the result of measurements in a bremsstrahlung radia-
tion beam is the integrated reaction yield, which is related to
the cross section as

Y(E)=2, o(E)N(E; ,E)E;, i=1,..n, (3.7)

1]
where o(E;) is the effective cross section of the photo-
nuclear reaction under study, N(E;,E) is the number of pho-
tons of energy E; per unit energy range of the bremsstrah-
lung spectrum with upper limit E, and n is the number of
experimental points.

Equation (3.7) is an integral equation for the unknown
effective cross section o(E;). Therefore, to obtain the effec-
tive cross section it is necessary to know the form of the
functions Y(E). The experimental values of the yields
Y (E;) are obtained at discrete points corresponding to differ-
ent values of E; . Therefore, a system of integral equations of
the type (3.7) is usually replaced by a system of linear equa-
tions:

Y;=N;o;, i=1...n, j=Il,....m (3.8)

The matrix of Eq. (3.8) is ill-conditioned. This means
that the presence of errors in the experimental data AY; can
lead to the appearance of large unphysical oscillations in the
desired solution o;. The uncertainty in the reaction yield
arises from a number of factors:

« the statistical nature of the processes under study;

« the bremsstrahlung radiation source;

« the studied samples and the reproducibility of their
location during bombardment and recording of the reaction
yield;

« the operating instability of the detection apparatus.
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Equatlon (3.7) is usually solved by the method proposed
by Tarasko®! and later developed by Zhuchko.? It is referred
to as the method of minimization of the directional discrep-
ancy (MDD), because the measure of the discrepancy be-
tween the left- and right-hand sides of Eq. (3.4) is taken to be

J(Ey)
Jo(E)N(E,Eo)dE

Y(N,0,J)= f Y(E,)In dE,, (3.9)

which has the meaning of a directional discrepancy in prob-
ability space. The solution of the original equation leads to
minimization of the functional (3.9). In this method, a priori
information about the positivity of the desired function is
ensured by choosing the form of the functional (3.9).

In contrast to Ref. 21, where the calculation of
oot 1)(E +AE,) is based on the values of the cross section
at the sth step o(E,), the other method of calculating

oSYIE +AE7) uses the values of ¢“*(E,) already
found for all £, in the range [Ey, ,E], where E <E,, , i.e., for
the sth approximation

ot (E,) if E,SE

o(Ey)= o“(E,) if E,>E

(3.10)

Using the fact that N*(E; ,E,)=0 for E,>E;, the iteration
process of the MDD method is described by the expression

(s+1) (S)( 7)
aCr(E,)= 2 N¥(E, E,)

E
1
X f o“*(E,)N*(E, E,)dE,

Ep

E;
+ f o(‘)(Ey)N*(E,-,EY)dEY], (3.11)
E

j

where k is such that E;=E,, o“)(Ey):const, and
N*(E,,E,) and o(E,) are normalized according to (3.5).

This process always converges to a non-negative func-
tion satisfying the original equation (3.4). Therefore, the
method of directional discrepancy satisfactorily describes the
cross sections both in the vicinity of the giant dipole reso-
nance and near the reaction threshold for all experiments
using bremsstrahlung radiation.
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4. THE (7,7') REACTION WITH ISOMER EXCITATION

Recently, there has been great interest in nuclear excita-
tion below the nucleon threshold in (y,7y’) reactions using
v radiation with an energy of several MeV. This is a conse-
quence of the discovery of low-lying collective magnetic di-
pole transitions, called the ‘scissors’’ mode, in which the
proton and neutron deformed ellipsoids rotate with opposite
phases about a common axis perpendicular to the nuclear
symmetry axis. It is also a consequence of the observation of
excessively large values of the reduced probabilities of elec-
tric dipole transitions in heavy deformed nuclei. Another
area of experimental activity is the resonance excitation of
isomers characterized by unusually large cross sections. This
phenomenon might have a bearing on the creation of 7y lasers
based on nuclear transitions, on nuclear astrophysics, and on
other new phenomena.

4.1. Resonance excitation of nuclear levels

Isolated states are excited when nuclei are bombarded by
monochromatic y quanta or bremsstrahlung radiation of en-
ergy below the nucleon binding energy. These states decay
by emitting y quanta either of the same energy, with the
nucleus going to the ground state (elastic channel), or with
lower energy, with the nucleus remaining in an excited state
(inelastic channels). The excitation and decay of levels in the
(y,v') reaction is shown in Fig. 5.

The cross section for vy inelastic scattering with isomer
excitation is determined by the absorption cross section mul-
tiplied by the relative probability for a transition from the
initial state to the isomeric state:

b

Gm:O-O Ebv (4.1)
™~

where oy is the absorption cross section, and b, and b; are,
respectively, the probabilities for a transition to the isomeric

state and to all the other levels.
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The theory of the interaction of electromagnetic radia-
tion with a nucleus gives an expression for the cross section
for y absorption by an individual nuclear level (the Breit—
Wigner formula):

A2 (21;+1) r.r,

7078w (215 +1) [(E—Eo)*+ 1/4T]’ 42

where \ and E are the y wavelength and energy, Iy and
I'; are the total and partial (for a transition to the ground
state) reduced widths of the excited level, E is the reso-
nance energy (the energy of the excited state), and I, and
I; are the spins of the ground and excited states.

Using Egs. (4.1) and (4.2) and expressing the probabili-
ties b; and b,, in terms of the reduced widths, we see that in
the case of a resonance (E=Ej)

A2 2L+1 Tl 43)
Im=%m 2Ug+r1 T2 '

The integrated cross section of the (y,y') reaction in-
cludes the excitation of an entire series of levels in the en-
ergy range E,,—E ., ,,x and is expressed as

o= J:’ " om(E)dE= 2, T;0,(E). (4.4)

th

4.2. Statistical calculation of the isomeric ratios

Nuclear reactions occurring with the formation of a com-
pound nucleus are usually analyzed theoretically using the
statistical theory. This approach makes it possible to obtain
information about the reaction mechanism, in particular,
about the nuclear moment of inertia, the spin and energy
dependence of the level density, and the nature of the tran-
sitions between highly excited nuclear states.

The basic element of all practical applications of the
statistical theory of nuclear reactions is the level density of
excited nuclei, which is commonly calculated using the ex-
pressions from the Fermi-gas model. First, these expres-
sions are fairly simple, which is an advantage in numerical
calculations, and, second, they contain only three param-
eters: the energy parameter of the level density a, propor-
tional to the density of single-particle states near the Fermi
energy, the parameter 0% characterizing the dispersion of the
level density in the angular momentum and proportional to
the nuclear moment of inertia, and the parameter & taking
into account even—odd differences, which are usually iden-
tified with the analogous correction in the mass formula. The
most direct and reliable information about the level density
of excited nuclei comes from the experimental data on the
density of neutron resonances. Howcver, the various system-
atics of the parameters a, o2, and & (Refs. 24-29) con-
structed on the basis of these data noticeably differ. It is
therefore necessary to use data from other sources, one of
which is the energy and spin dependence of the level density
extracted from comparative analysis of the theoretically cal-
culated and experimentally measured isomeric ratios.

Huizenga and Vandenbosch® have proposed the
cascade—evaporation model based on the statistical theory
for calculating the IRs as functions of the incident-particle
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energy. The idea of the model is basically the following. The
nucleus formed after the evaporation of one or several par-
ticles decays by a cascade of electric dipole y quanta with
fixed multiplicity equal to the average number of 7y transi-
tions. As a result of this cascade, the dispersion of the dis-
tribution of the nuclei in their spin increases. The final y
transition of the cascade (the ‘‘decisive’’ transition) leads to
the population of one of the states of the isomeric pair. Here
the competition between neutrons and y quanta is not taken
into account. Therefore, in their original formalism Huizenga
and Vandenbosch used the approximate dependence of the
number of emitted neutrons and 7y quanta on the excitation
energy. In addition, the discrete levels of the residual nuclei
are neglected and it is assumed that only dipole emission
occurs without competition between neutron and y emission.
This simple approach has been used to describe satisfactorily
the energy dependences of the IRs from PNRs and the radia-
tive capture of neutrons of energy E,<5 MeV for a wide
range of mass numbers, and also to study the effect of the
level-density parameters on the IRs, the limits of applicabil-
ity of the formalism, and model representations of the level
density.?’"%

Various aspects of this formalism were later improved,
so that its range of applicability was extended. The compe-
tition between decay channels and the energy dependence of
the spectra of evaporated particles and y quanta were taken
into account, M1, E1, and E2 transitions were included in the
v cascade, and various expressions were proposed for the
reduced radiative strength functions, including ones which
take into account the effect of the giant dipole resonance.

For example, in the absorption of a 7y quantum of energy
E, and multipole order L=EIl, M1, and E2 by an even—even
nucleus, initial compound states are formed with precisely
determined characteristics: the energy is E=F y» and the
spin and parity are /=17, 1%, and 2*. The compound
nucleus deexcites by emitting a cascade of y quanta or par-
ticles (n, p, and a). The spectrum of levels of each residual
nucleus produced in the y-capture reaction consists of two
regions: the region of low-lying levels characterized by defi-
nite energy E; and spin and parity 1], and the region of
levels lying above the discrete ones. These form a continuum
and are described in terms of their density. This continuum
of levels extends from the maximum excitation energy of the
initial compound nucleus to the first known discrete level.
According to this picture, there are three types of transition
in a compound nucleus: (1) transitions between continuum
levels; (2) transitions between continuum levels and discrete
levels; (3) transitions between discrete levels. The known
data from level schemes are usually used for the latter.

The population of the lower levels of the nucleus (in-
cluding the isomeric levels) depends on the vy energy, the
properties of the initial and final states, and the spin and
energy dependence of the level density.

The cross sections for the photoabsorption of a y quan-
tum of energy E,, by a target nucleus of spin and parity /7
with the formation of compound states in the continuum of
energy E* and spin and parity /™ is given by the expression
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T.
o(E* IM)=(m\?)g; ==, (4.5)
D;
where \ is the 'y wavelength, g; is the statistical factor, D is
the average distance between levels of the compound
nucleus, and I'; is the average partial width for a transition
between the ground and compound states.

The probability for a radiative transition from the
nuclear state i(E¥,I;,m;) to the state f(EF Iz,mp) can be
found from the expression

F’f % ™
dWif=F_i p(EF J N)dE, (4.6)
tot
where I'; ¢ and I‘iotzzfl" ir are the partial and total widths of
the level i, and p(E} ,I}rf) is the level density of the state
I

In the region lowest in excitation energy E¥*<E¥* (E* is
the excitation energy of the last known level), the nuclear
levels are given on the basis of the spectroscopic data:

N

,0(15*,1")=f§l S(E*—E}) ) S, (4.7)

where N is the number of known low-lying levels.

The level density of the studied nuclei for excitation en-
ergy E¥>E} (the maximum energy) is described by the
Fermi-gas model:?®

exp[2Va(E*—A)]

12v2oa " (E*—A)™

p(E*.IT)=f(I) (4.8)

where a is the level-density parameter, A is the evaporation
energy,**

- (21+1) I+1/2)? 16

f(D)= 57 expl =~ (49)

is the spin dependence of the level density, and
02=(6/2)0.146AY*\Ja(E* - A) (4.10)

is the spin-cutoff parameter.
At excitation energy EX<E*<E¥ the level density is
described by the constant-temperature model:**

1

p(E*,I™)=f(I) ?exp[(E*—Eo)/T], (4.11)
where Ej is a fitted parameter and T is the nuclear tempera-
ture. In this region the spin-cutoff parameter ¢ is determined
by interpolating between the value of a’% calculated for N
known low-lying nuclear levels with spins 7;,

N

1

— > (I;+112)?,

2 =
D=5y 2 (4.12)
and the value of o from (4.10) for E*=E*:
oNE¥)— o}
oX(E*)= — "2 (E*—E*)+ 03, (4.13)

EX—E¥

The parameters E} , T, and E,, are chosen with the con-
ditions that for E¥=E¥* the value of p,(E*,I™) found from
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(4.12) is equal to p,(E¥,I™), and that p(E) and
dp(E)/dE are continuous in going from Eq. (4.8) to Eq.
4.11).

4.3. Systematics of the cross sections for isomer
excitation in vy inelastic scattering

The systematics of the cross sections of (y,y') reactions
with the excitation of isomeric states includes their depen-
dence on the 7y energy and on the nucleon content of the
nucleus. It is usual to distinguish three energy ranges, each
with its own features:

1. The range from the energy of the isomeric level to 2
MeV.

2. The range from 2 to 6 MeV.

3. The region of the neutron binding energy (6—8 MeV).

In the first region the characteristics of the activation
levels (their energies, spins, parities, lifetimes, and decay
modes) are usually known. In Fig. 6 we show the scheme for
isomer population in the !"’In nucleus via known activation
levels.3® The parameters of these levels can be used to cal-
culate the cross sections for their excitation in 7y absorption,
and the probabilities for transitions from them to the isomer

TABLE V. Cross sections for isomer excitation by monochromatic y quanta.

can be used to calculate the isomer excitation cross section.
The results can then be compared with the experimental data.

Monochromatic 7y sources are usually used for isomer
excitation by y quanta in this energy range (see Table I). The
known experimental data on isomer excitation by y quanta
of energy below 3 MeV are summarized in Table V3B we
give the characteristics of the isomeric and activation levels
(their energies, spins, parities, and the probabilities of tran-
sitions to the isomer), and also the experimental integrated
cross sections for the excitation of several isomers. We find
good agreement between the experimental cross sections and
those calculated on the basis of the known characteristics of
the activation levels, which confirms the isomer-excitation
mechanism considered above. When the characteristics of
the activation levels are unknown, the measured cross sec-
tions of the (7,7’) reactions with isomer population make it
possible to estimate their values.

At higher excitation energies (2-6 MeV) the activation
levels via which isomers are populated in the (y,y’) reaction
are, as a rule, not known from the spectroscopic data. Hints
of their existence come from measurements of the depen-
dence of the yield of nuclei in the isomeric state on the vy
energy. As can be seen from Fig. 7, there are kinks in these
dependences at the y energies 2.8 MeV and 3.3 MeV in the
reaction 'In(y,y')!"*™In (Ref. 36), and at 3 MeV and 4
MeV in the reaction ¥Y(y,y")%®™Y (Ref. 37). These kinks
correspond to individual levels or groups of levels via which
isomers in the "°In and ®Y nuclei are excited.

These levels also appear in the resonance scattering of
v quanta on In and ¥Y nuclei. In the measured 7y spectra
there are prominent 7y lines corresponding to radiative tran-
sitions from these levels to the ground state.®7 It follows
from these y spectra and isomer yields that the integrated
cross sections for the excitation of these levels are consider-
ably larger, reaching several eV-b. This is significantly
larger than the cross sections for exciting individual levels at
energies below 2 MeV (Table V). Another feature of isomer
excitation in this energy range is the small number of acti-
vation levels with such large cross sections (altogether, 2-3
in the energy range 2—6 MeV).

Thus, at energies above 2 MeV isomer excitation in in-
elastic vy scattering occurs via a limited number of levels,

Em Ea O'h‘"ro b-eV

Nucleus 17 keV I keV I54 [,/T, %Co *Na ¥1Cs
7Se 112~ 168 772t 250 52~ 0.011

440 512~

521 3/2”
Br 312” 207 9,2+ 384 5/2* 0.003
875y 9/2* 388 172~ 1229 5/2* 0.18 0.032
1831 9/2* 393 12 1021 5/2* 0.12

1131 5/2* 0.17 0.020
5[ 9/2* 335 /2~ 941 5/2* 0.14

1078 512* 0.19 0.38 0.60
V6L 7" 180 1~ ~1000 6~ 0.76 0.25 110
191y 3/2* 171 112~ 659 3/2° 0.008
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which are characterized by large values of the y-absorption
cross sections.

As the excitation energy increases and the neutron bind-
ing energy is approached, the cross section for (y,y') reac-
tions leading to an isomer grows noticeably. One example
[the excitation function of the reaction '"’In(y,y’)!">™In] is
shown in Fig. 8. The cross section grows rapidly, reaching a
maximum at neutron binding energies, and then falls. This
behavior of the cross section with excitation energy is appar-
ently related to the fact that as the nucleon threshold is ap-
proached the number of levels which absorb y quanta in-
creases sharply, and at energies above the nucleon threshold
excited states decay mainly via neutron emission.

In Fig. 9 we show the dependence of the cross sections
for (7y,7y") reactions with isomer excitation on the number of
neutrons in the nucleus. One of the dependences corresponds
to an excitation energy of 6 MeV and is for the integrated
cross sections,”® and the other corresponds to the neutron
binding energy and is for the differential cross sections.>® We
see that the two dependences are similar. The maximum

12 l 8,

. 1 1 1

4 s ] 7 [ [) 10 "
€, MeV

FIG. 8. Excitation function of the reaction '*In(7y,y")'"*™In near the neu-
tron binding energy.
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cross sections occur in the region of deformed nuclei, and the
minimum ones occur for nuclei with nearly closed neutron
and proton shells.

It is difficult to judge the isomeric ratios for y energies
in the range 2—-6 MeV, because the cross section for a reac-
tion leading to the ground state depends strongly on the char-
acteristics of the activation levels, which usually are poorly
known. However, at the neutron binding energy, where the
cross section for isomer production has a maximum, the total
cross section of the (7y,y’) reaction can be obtained by ex-
trapolating the cross sections from the vicinity of the giant
dipole resonance, the shape of which is approximated by a
Lorentzian. The IRs obtained in this manner display a num-
ber of characteristic regularities.

In Fig. 10 we show the dependence of the IR in the
(7,7') reaction on the difference of the spins Al of the
isomeric and ground state for a given vy energy (7 MeV). The
largest value o™/08=0.47 was observed in the case of
167Er, for which AI=3. As Al increases the isomeric ratio
decreases sharply and reaches the value 1076 for !%°0s,
where A/=10. At the same time, there is a large spread in
the IR values; note, for example, the anomalously high value
of the IR in the reactions '"Lu(y,y’)"®™Lu and
18 Ta(y,y") "% Ta (Ref. 40).

In Fig. 11 we show the experimental values of the IRs
for nuclei with AI=4 at E=7 MeV as a function of the
mass number A (Ref. 39). The straight line corresponds to
the dependence 0,/0,=6X10"* A. Thus, in this range of
mass numbers the IR increases linearly with increasing mass
number, and this dependence agrees well with the calculation
using the statistical theory.

4.4. Excitation of high-spin isomers

It is very interesting to make a more detailed study of the
behavior of the IR for (,y’) reactions leading to the forma-
tion of high-spin isomers in even—even nuclei. There are
three types of such nuclei: strongly deformed ('8"™Hf), tran-
sitional (1°™Qs), and spherical (***™Pb).*! It should be added
that the first two nuclei (‘Hf and '°°Os) are typical ex-
amples of K isomers (where K is the difference in the pro-
jections of the isomeric and ground-state spins on the nuclear
symmetry axis).

In Table VI we give the main characteristics of these
isomers (their energy, spin, parity, multipole order of the
radiative transition to low-lying states, and selection rule in
the quantum number K for these transitions). We see that in
the case of '®"™Hf, the El radiative transition leading to
isomerism is forbidden, owing to the large change of K
(AK=38).

In the absorption of a 7y quantum by an even—odd
nucleus (/=0), the excited state will have I"=1", and
K =1 for the deformed nuclei '*°Hf and '*°Os. Isomer popu-
lation via a 7y cascade is associated with a large change of
both the spin 7 and its projection on the symmetry axis K. By
comparing the IRs for deformed nuclei (*8Hf and '°0s), it
may be possible to judge the effect of the selection rule in
the quantum number K on isomer excitation in 7y inelastic
scattering.

In Fig. 12 we show the dependences of the cross sections
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on the 7y energy. They have a resonance shape and, within
the measurement error, their maxima coincide with the
threshold B, of (7y,n) reactions. The parameters of these
resonance curves are given in Table VIIL. The steep falloff of
the cross sections for energy above B, is related to the com-
petition from the neutron channel (I',>1",), which becomes
important for £,=9 MeV and leads to a significant decrease

FIG. 9. Dependence of the cross sections for (7,y') reactions with isomer
excitation on the number of neutrons in the nucleus. The integrated cross
sections for E,,w=6 MeV are shown at the top, and the differential cross

sections for E,= B, are shown at the bottom.

of the total cross section for (7y,?y’) reactions. At the same
time, the falloff of the cross section at lower energies is
obviously related to the decrease of the number and energy
of the cascade y quanta populating the isomeric states.

In Fig. 13 we show the dependences of the IRs for these
nuclei on the excitation energy. We see that the IRs are small
and depend relatively weakly on the excitation energy. The
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closeness of the values of the IRs for the nuclei studied,
including the strongly deformed nucleus 'S°Hf and the
spherical nucleus 2*Pb, indicates that the quantum number
K weakly affects the excitation probability of high-spin iso-
mers. Obviously, there are practically no manifestations of
selection rules in the quantum number K at excitation ener-
gies where 7 transitions to an isomeric level occur.

4.5. Deexcitation of the high-spin isomer ¥™Ta

The smaller cross sections of the three high-spin isomers
discussed above contrast sharply with the isomer in the odd—
odd nucleus '8™Ta, This isotope of '®°Ta is an extremely
rare nuclide. Its makes up only 0.012% of the natural mix-
ture of isotopes. In addition, the natural form of this isotope
is an isomer, because the ground state '2°Ta® has a half-life
of 8.1 hr, while that of the isomer is =1.2X 10" yr. The
isomer has spin 9~ and excitation energy 75.3 keV, and the
ground state has spin 1*. According to the Nilsson diagram,
the odd proton belongs to the 9/2~ [514] orbital, and the
neutron to the 9/2% [624] orbital, and the isomer spin is the
sum of these angular momenta.

In addition to its unusual nuclear structure, ¥Ta has
important astrophysical consequences. As was noted in Ref.
42, ®Ta is not produced in slow neutron capture (the s
process), which occurs on the stable isotopes '76~'®°Hf. In
addition, since '®Ta lies between stable isotopes with
A=180 ('8Hf and '3°W), it cannot undergo B~ and B
decay following the fast r neutron process. Therefore, the
question of how '®™Ta is produced remains unanswered.

Experiments on the inelastic scattering of y quanta on
the high-spin isomer '®*™Ta leading to its deexcitation (pro-

TABLE VI. K-forbidden transitions in hafnium and osmium.

Multipole Energy, Delay

Nucleus order keV IT—=If K,—K, factor
180mpy¢ E1l 58.0 8 —8* 8—0 ~10'¢
E3 501.0 8 —6" 80 ~10°

190myg M2 38.4 10" —8* 10—0 ~10°
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TABLE VII. Parameters of the excitation functions of the studied (v,y')
reactions on the isotopes '*°Hf, '*°Os, and 2%*Pb.

TABLE VIIL Integrated cross sections for the reactions '**Hf(7,7')'**"Hf
and '8°"Ta(vy,y’)'®°Ta for two y energies.

Reaction o 0Px r
MeV nb MeV
130Hf(v,y) 7.5+0.4 95+20 1.4+0.2
19005(7,7) 7.9%0.5 7+3 1.2+0.4
209pb(y,7) 8.2+0.4 7718 1.8+0.4

a(7,7), mb-keV
Eq, MeV 180Hf (0*—8") 180mTa(9™—1%)
6.5 0.015(5) 8000(3000)
7.0 0.055(10) 12000(4000)

duction of '®Ta in the ground state) have shown that it has
an unusually large integrated cross section.®* 1t is 1072
cm?-keV for a y energy of 2.8 MeV. This is the largest of all
the known cross sections of (y,y') reactions. The cross sec-
tion turned out to be just as large at the neutron binding
energy.”

If these results are compared with inelastic scattering on
180Hf some important differences are seen. First, 180Hf has
an excitation scheme opposite to that of '®Ta. In the case of
180Hf, the isomeric level with spin 8~ and lifetime equal to
5.5 h is excited from the ground state with spin 0. In the
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FIG. 13. Dependence of the IRs in (7y,7y’) reactions with formation of
high-spin isomers on the excitation energy.
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case of '8Ta the opposite process occurs: from the long-
lived (T;,=10" yr) isomeric state with high spin 9~ the
nucleus goes to the ground state with spin 1* and lifetime
8.1 h. In both cases AI=8. However, the experimental val-
ues of the cross sections differ significantly.*> In Table VIII
we give the integrated cross sections for '®°Hf and '*°Ta at
two values of the vy energy.

The integrated cross sections for '%Ta are four orders of
magnitude higher than o, for 3°Hf. The large difference in
the spin for '8°Ta apparently does not hinder its deexcitation.

As noted above, the isomeric state of '*°Hf decays via
the single-particle states of the ground rotational band
(K=0). The deexcitation scheme for '*°Ta is apparently the
following (Fig. 14). States with spin and parity 8*, 9%, and
10* are excited in the dipole absorption of y quanta from the
9~ isomeric state. These states have excitation energies of
6.5-7 MeV. The direct transition from these states to the
ground 1% state is of low probability, owing to the large
difference between the spins, AI>7. Therefore, the M1 and
E2 transitions to the ground rotational band with K™=1" are
more probable. The rotational levels of these bands with
spins 7%, 8%, and 9™ lie in the energy range 0.6—1.2 MeV.
However, in this case transitions are strongly K-forbidden
because AK =8. It is known from the experimental data that
in odd nuclei the level density is large even at relatively low
excitation energies, and K-mixing can occur. Therefore, the
forbiddenness in K is lifted and transitions from the 87,
9+ and 10* states (K=9) to the 7%, 8%, and 9% states
(K=1) become possible. Then an ordinary cascade occurs in
the band, leading to the 1* ground state (K =1). Transitions
from the 8, 9%, and 10" excited states to other bands with

80' 9.. 10°

K1 £/ /o

/9

] /3‘

. 7*

—_— B‘ | l
=3 ' | .______—9-

. 2° K=9

T]f?WL,W 1’

7 > 0°
180 k=0 1807q

FIG. 14. Excitation scheme of the high-spin isomer '**"Hf and deexcitation
scheme for '**"Ta,
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TABLE IX. Reduced probabilities of transitions to activation levels in the
isotopes '®°Ta and !"*In.

Nucleus E, ol Ty B(El) BMI1) B(E2)
MeV b-eV eV W.u. W.u. W.u.
180T 2.8 1200200 1.0(2) 21072 2 100
36  350(50) 4.8(7) 6-1072 5 160
15 2.8 5.4(8)  0.035(5) 1073 0.07 7
33 76(12) 0.102) 12:107% 0.2 12

K=1, K=3, and K=4 are also possible. In the case of
180Hf such a transition from a band constructed on an iso-
meric state is impossible, because after dipole absorption of
a y quantum there are no states with spin close to the spins
of the excited states.

The known values of the level-density parameters in the
vicinity of the neutron binding energy can be used to esti-
mate the cross section for y absorption and to find the IR for
1%0Ta. It turns out to be 0.20(7) for E.,= 6.5 MeV and 0.25(8)
for E,=7.0 MeV. If it is assumed that such IRs will occur at
the excitation energies 2.8 MeV and 3.6 MeV, at which reso-
nance activation levels with very large cross sections for iso-
mer excitation are observed, then the measured cross sec-
tions can be used to find the reduced partial widths for
radiative transitions from these levels to the isomer. These
values of I' are given in Table IX (the values of I" for similar
levels in '"*In are given for comparison).

These values of the partial widths give information about
the reduced probabilities of transitions of various multipole
orders (E1, M1, E2) between activation levels and the iso-
mer. We see that for E1 and M1 transitions the values of
B(EN) are anomalously large, which so far has not been
observed. An entire group of levels may exist at these ener-
gies, so that the transition strength is distributed among a
large number of levels. Meanwhile, the values of B(EN) are
reasonable for E2 transitions and all transitions in ''*In.

It would be very interesting to extend the studies to other
high-spin isomers which can be accumulated in neutron-
capture reactions or in reactions involving heavy ions. Such
experiments are being carried out using the more exotic
I78m2HF target (I7=16"%) (Ref. 46) with a half-life of 31 yr.
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"

5. MEASUREMENT OF THE ISOMERIC RATIOS IN
PHOTONUCLEAR REACTIONS WITH NEUTRON
EMISSION

5.1. Isomer excitation in odd—odd nuclei

Isomeric states are most frequently observed in odd—odd
nuclei. In these nuclei the angular momentum is formed from
the spins of the two odd nucleons, a proton and a neutron.
For different relative orientations of the spins (parallel and
antiparallel), states with strongly differing angular momenta
can arise in the nucleus, and one of these can be an isomeric
state.

A significant fraction of these isomeric states can be ex-
cited in PNRs with the emission of one or several neutrons,
so that they have been fairly well studied. The model of
Huizenga and Vandenbosch described above can be expected
to be successful at calculating the IRs in these reactions. In
fact, the isomeric states have low excitation energy and the
same structure as the ground states. Odd—odd nuclei are
characterized by a high density of levels beginning right at
the ground state (there is no energy gap). In such nuclei the
isomeric and ground states are reached by a branched 7y cas-
cade in which selection rules for radiative transitions play a
small role, while the statistical properties of the levels are
manifested most clearly.

The dependence of the IRs on the difference of the iso-
mer and target-nucleus spins in (y,n) reactions leading to
odd—odd nuclei is shown in Fig. 15 (Refs. 47—53). For com-
parison, in Fig. 16 we give the analogous dependence for the
(n,7) reaction at thermal neutron energies (in this case only
the neutron spin goes to the nucleus, and the resulting com-
pound nucleus has only two values of the angular
momentum).>* We see that the two dependences are similar.
As expected, the IRs decrease with increasing A/, as in the
case of the (vy,y') reactions studied above. However, the
spread in the values of the IRs in all these reactions is rather
large: for a given A/ the values of the IRs differ by more
than an order of magnitude. This may mean that in spite of
the above-noted features of odd—odd nuclei, the scheme of
the lower levels has an important effect in the population of
the isomeric and ground states. To understand this effect

FIG. 15. Dependence of the IRs in (y,n) reactions on the difference
between the isomer and target-nucleus spins.
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FIG. 16. The same as in Fig. 15, in (n,7y) reactions on thermal neu-
trons.
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better, it is necessary to study reactions leading to isomeric
states of the same type.

5.2. Excitation of single-particle neutron states

Detailed information about the isomer population
mechanism and the properties of activation levels can be
obtained by comparing the isomeric ratios in (y,n) reactions
leading to an isomer with a given nucleon configuration.
Such cases are realized in (7y,n) reactions on even—even
nuclei with the production of the gg/, /112, and i3/, single-
particle neutron states arising in the closure of shells contain-
ing 50, 82, and 126 neutrons, respectively. In particular, if
the numbers Z and N lie between 30 and 49, the nuclear
ground state is a py;, or gon state. The second ‘‘island of
isomerism’’ is observed for N or Z between 51 and 81,
where only the %y, d3;, and sy, levels are free (or par-
tially free). Finally, there is another when N or Z lies be-
tween 78 and 125, where the i, level can be filled.

The probability for populating these high-spin states in
B decay is small, so that PNRs are convenient for studying
them. The (y,n) PNRs leading to the formation of 4y, iso-
mers are the best studied.

The one-quasiparticle state with /"=11/2" arises in nu-
clei with N>50 when the 14, neutron shell is filled. By
now it has been observed in more than 70 nuclei from Zr
(Z=40) to Yb (Z=70)." In most cases (more than 50 iso-
topes) this state is an isomeric state with half-life greater than
1 sec, and it often can be obtained in the (7y,n) reaction.

All these isomeric states are characterized by similar val-
ues of the magnetic moments (about half the value calculated
in the Schmidt model®>) and reduced probabilities of radia-
tive M4 transitions from the isomeric level to the 3/2* state
(1 to 2 Weisskopf single-particle units). This shows that the
admixtures of configurations are small, and the properties of
the isomeric levels are identical over the entire range of Z
and A studied. It can therefore be assumed that the variations
of the isomeric ratios from nucleus to nucleus will mainly be
determined by the properties not of the isomers, but of the

excited states via which an isomeric level is populated. The .

properties of these excited states differ greatly for the differ-
ent nuclei studied. Among them are nuclei with a closed
proton shell (Sn isotopes), nuclei with a single hole in a

443 Phys. Part. Nucl. 27 (4), July—August 1996

closed neutron shell (***Xe, 3’Ba, 3°Ce, '4INd, and
143Sm), and transitional nuclei between spherical and de-
formed ones (®Pb and **Ba). In the '23Sn and »Sn nuclei
the 11/2” state is the ground state. In the other nuclei the
ground states are the 3s,,, 2d5,, and 2ds, states. The half-
lives and 7y energies differ considerably, and this makes it
possible to make measurements simultaneously for all the
nuclei studied, using samples of naturally occurring isotopic
composition. Most of the isomers decay to an intermediate
level via an M4 transition (they are sometimes referred to as
M4 isomers). The energy of the isomeric state has a maxi-
mum at the beginning and end of the range of nuclei studied,
and a minimum for N=71—75 in isotopes of Sn and Te.

In Ref. 56 an isomeric state was chosen with the same
spin and parity 11/2” for all the nuclei studied, and the iso-
topes involved in the reaction were even—even ones, which
after absorption of a 7y quantum have spin 1. Thus, the
conditions for exciting isomeric states in all the isotopes
studied were identical: the same reaction type and excitation
energy, and the same spins of the initial and final states. It
can therefore be expected that the changes of the experimen-
tally measured isomeric ratios in going from one nucleus to
another will be determined by how the structure of the levels
via which the isomeric state is populated changes in these
nuclei. The resulting experimental data can be used to under-
stand both the statistical properties of these levels (the en-
ergy and spin dependence of their density) and their spectro-
scopic characteristics—their spins, parities, and probabilities
of transitions of various multipole order to the isomeric state.

The measured IRs for 4, states produced in (7y,n) re-
actions on 16 even nuclei at a maximum 7y energy E, =25
MeV are given in Fig. 17 and Table X. We see that the IRs
and also the integrated cross sections are lowest for the light-
est and heaviest nuclei, which correspond to the beginning
and end of the island of isomerism of these states. The Sn
and Te isotopes have the maximum IRs. These measure-
ments give information about the structure of the low-lying
levels from which the last (decisive) transition to the ground
or isomeric state occurs.

Tellurium nuclei are located close to the Sn nucleus with
a closed proton shell and are characterized by a small change
of the quadrupole deformation of these isotopes. The IR de-
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pendence for Te isotopes at the maximum 7y energy
E,=25 MeV is shown in Fig. 18. The IR increases with
increasing number of neutrons for Te isotopes. We see that
129Te has the largest IR. This ratio also is the largest for all
the i/, neutron states studied. In this figure we also give the
IRs for Ba isotopes at the corresponding vy energy.’’ The IR
dependence has the opposite behavior for Ba isotopes: it de-
creases as the magic number of neutrons (!**Ba) is ap-
proached. This is related to the decrease of the level density
in approaching the closed neutron shell N=82. Ba isotopes
are discussed in more detail below.

There are considerably fewer data on the IRs for gq/, and
i3 neutron states.’® 2 They are given in Table XI. It
should be noted that, as a rule, the g, level is the ground
state, and the s/, level is the isomeric state. However, in this
case the IR is understood to be the ratio of the excitation
cross sections for the high-spin (9/2*) and low-spin (1/27)
levels. Although the IRs given in Table XI pertain to differ-

TABLE X. Integrated cross sections for excitation of h,,, isomers and
isomeric ratios in (7,n) reactions.

(Tm
Reaction Ey , MeV Tjp» mb-MeV Oy
18P (y,n)'°"™Pd 9.43 67(7) 0.054(6)
H0pg(y,n)19mpd 9.00 71(8) 0.060(7)
16Cd(y,n)!"*™Cd 8.87 199(20) 0.18(2)
1850 () 1"mSn 9.69 90(18) 0.11(2)
1248n(y,n)'2"Sn 8.49 285(30) 0.33(3)*
120Te(y,n)"""Te 10.67 209(22) 0.20(2)
122Te(y,n)'2'™Te 10.14 307(28) 0.26(2)
124Te(y,n) %" Te 9.67 379(30) 0.31(3)
130Te(y,n)'#™Te 8.51 460(45) 0.45(5)
136X e(y,n)' ™ Xe 8.00 150(20) 0.10(2)
134Ba(y,n)'**™Ba 9.75 256(20) 0.17(1)
136Ba(y,n)'*™Ba 9.38 259(20) 0.15(1)
138Ba(y,n)'¥"™Ba 9.27 162(12) 0.12(1)
138Ce(y,n)"*"™Ce 9.98 157(20) 0.19(2)
140Ce(y,n)"*™Ce 9.95 223(20) 0.14(1)
V2Nd(y,n) " 4'™Nd 10.66 110(15) 0.061(10)
144Sm(y,n)'**Sm 11.25 91(9) 0.047(4)

*The quoted value refers to the ratio of the excitation cross sections for the
11/2~ ground state and the 3/2* isomeric state.
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FIG. 17. Mass-number dependence of the IRs in (y,n) reactions lead-
ing to h,,, states.

ent excitation energies and are ratios of yields rather than
cross sections, they suggest the following conclusions:

1. The gy, levels are characterized by large excitation
probability, which grows as the closed neutron shell
(N=50) ‘is approached. For ¥Zr and °'Mo nuclei (N=49)
the probability of exciting this level is larger than that for the
512 isomeric level, although its spin is close to that of the
initial nucleus (I"=0%). These excitation probabilities are
due to the dominant contribution from semidirect processes
in this region of nuclei.%?

2. As a rule, for i3, levels the values of the IR are
smaller than for the /,,,, levels discussed above, which may
be due to the increased difference between the spins of the
isomer and the initial nucleus. In contrast to the gy, levels,
the excitation probability for i3, isomers decreases in ap-
proaching the closed shell N=126.

The large amount of experimental data on the excitation
of hyy,, isomers has made it possible to study certain regions
in more detail: Ba isotopes and isotopes with N=8]1.

5.3. Measurement of the isomeric ratios for Ba
isotopes

Ba isotopes have been the object of more detailed study
for several reasons.
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FIG. 18. Dependence of the IRs in (y,n) reactions for Ba and Te isotopes

on the number of neutrons in the nucleus.
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TABLE XI. Isomeric ratios in (y,n) reactions with excitation of go, and
i3, States.

E Y, h,s
y max —_—

Reaction N 7  jud MeV Yy
74Se(y,n)">"Se 39 92t 32 22 0.86(9)
86Sr(y,n)¥™Sr 47 92t 12~ 22 0.70(8)
88Sr(y,n)®"™Sr 49 92t 12~ 22 0.66(16)
OZr(y,n)¥™Zr 49 92t 12~ 24 1.30
2Mo(y,n)°'™Mo 49 92t 12~ 25 1.84
198pt(y,n)'*"™Pt 119  12- 132t 30 0.20
19Hg(y,n)'""Hg 115 127 132t 25 0.075
19%8Hg(y,n)""™Hg 117 127 132t 25 0.12
28ph(y,n)2"™Pb 125 12 13/2* 14 0.062

1. The properties of stable isotopes of barium vary
strongly as the number of neutrons in the nucleus changes.
The heaviest isotope '*®Ba has a closed neutron shell
(N=82), and the lightest isotope '>*Ba is characterized by a
significant quadrupole deformation (B,=0.23). It is there-
fore interesting to follow how these properties affect the
probability of exciting isomers in (y,n) reactions.

2. The isomers produced in these reactions have y spec-
tra and half-lives convenient for measurements, which makes
them easy to study.

The spectroscopic characteristics of nuclei produced in
(y,n) reactions on all the even isotopes of Ba are given in
Table XII: the spins and parities of the ground and isomeric
states, and the isomer energy. We see that as the nuclear
deformation increases the Ay, levels split, and the levels
with spins 9/27 and 7/27, respectively, become isomers in
the light isotopes *'Ba and '*Ba.

In Fig. 19 we show the excitation functions for the iso-
meric states of the studied nuclei, and in Table XII we give
the values of the integrated cross sections and the parameters
of the giant dipole resonance: the energy E,, the half-width
'y, and the cross section at the maximum, o, , fitted by a
Lorentzian.

We see from Fig. 19 that for isomeric states all these
dependences have a resonance form, with resonance param-
eters (Table XII) close to the analogous values for the ground
states. The fact that the Lorentzian curve of the isomeric
states is narrower than the analogous curve for the ground
states is probably related to the fact that (y,n) channels are
not distinguished from (7, 2n), etc., channels in experi-
ments to measure the neutron yields.

80 -
60 ¢ . 129mBa
2
40 t [
20 L ! L]
0 ° ® e 0
60 ; } ; 131mg 4
40
k 4
20 . .
o o * ® e o 0
o "
E_ " ! 133mg 4
c i
e h
O 20 ' i
Q . .
@ 0 St e e e
2
o
L3 . 135m
o a0 i 3 ed
H
20 . N
0! « ® ® o o o
L 137mg 4
20' .
i .
o_f « * ® o o o o
|

10 12 14 16 13 20 22 24

Ey. MeV

FIG. 19. Excitation functions of (v,n) reactions leading to 4, isomers in
Ba isotopes.

and on the maximum energy of the bremsstrahlung radiation
(for the integrated cross sections). In the latter case the IRs
correspond to the ratios of the measured yields of reactions
leading to the isomeric and the ground states, because the
two reactions have similar excitation functions. We see from
Fig. 20 that the IR varies weakly as the incident 7y energy
increases in the region above the giant dipole resonance.
This suggests that in photonuclear reactions with the emis-
sion of a single neutron, the energy center of gravity is lo-
cated in the vicinity of the giant dipole resonance (13—17
MeV). At the maximum 7y energy E ., n,, the average excita-
tion energy is given by

[ 57 ™EG(E)N(E E y ) dE

In Fig. 20 we show the dependence of the IRs on the E,= [Ermeg(E)N(E.E. )dE ’ (5.1)
energy of the y radiation (for the differential cross sections) Ey ¥y max
TABLE XII. Characteristics of Ba isomers and parameters of the giant dipole resonance in (7,n) reactions on
Ba isotopes.
E, T Tmax Tint
Nuclear reaction Ig I E, (MeV) (MeV) (mb) (MeV-mb)
130Ba(y,n)'?*™Ba 172* 72" 271.0 153 3.1 72 347
132Ba(y,n)"*'™Ba 12* 9/2” 187.5 15.1 29 64 293
134Ba(y,n)'**™Ba 12* 1172~ 288.3 15.1 3.1 52 256
136Ba(y,n)!*mBa 32* 11/2” 268.3 152 32 52 259
1®Ba(y,n)"*""Ba 31t 11/2° 661.6 152 26 39 162
445 Phys. Part. Nucl. 27 (4), July—August 1996 Gangrskil et al. 445
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FIG. 20. Isomeric ratios for various barium isotopes in the vicinity of the
giant dipole resonance (@ is for '2™£Ba, M is for '*'™#Ba, A is for
133meBa, @ is for '*™&Ba, and + is for '*’™£Ba), using the integrated cross
sections. The solid line is the ratio of the differential cross sections for
129mBa and '*2Ba.

where o(E) and N(E.E, ,,,,)dE are, respectively, the cross
section and the bremsstrahlung spectrum of the 7y radiation.
Calculations using this expression show that for E ., ;,,,=20
MeV, E,, corresponds to the energy of the giant dipole reso-
nance.

As has been shown for the example of the isomer
37Ce (I™=11/27), when the y energy is increased further
(up to 70 MeV), the IR hardly grows at all.** However, the
IR is observed to grow by almost a factor of 3 if instead of
the (vy,n) reaction the reaction with the emission of three
neutrons is used: '*Ce(y,3n)*"™Ce (Ref. 65). This increase
of the IR for the (7y,3n) reaction is obviously due to the
broader distribution in the nuclear angular momentum after
the emission of three neutrons.

In addition, it should be borne in mind that as the maxi-
mum energy of the bremsstrahlung radiation increases (espe-
cially beyond 25 MeV), an ever greater contribution comes
from direct neutron-emission processes. As is well known,
these processes are especially important near magic nuclei.
As noted above, they lead to a slight decrease of the isomer
excitation probability with respect to the purely statistical
process. Since '*®Ba has 82 neutrons, such pre-equilibrium
processes are most noticeable in it.

The IRs in (y,n) reactions on Ba isotopes have two
features (Fig. 20).

1. The IRs grow with increasing 7y energy. This growth
is fairly steep below the giant dipole resonance and slower
above it. Since the spin of the compound nucleus does not
change (it is 17), the observed growth of the IRs is related to
the increase of the range of excitation energy of the residual
nucleus, in which a y cascade develops.

2. The IRs grow with decreasing number of neutrons in
the nucleus. The IR has a maximum for the lightest isotope
129Ba. It is also correlated with the nuclear quadrupole defor-
mation parameter. As the number of neutrons decreases and
the IR grows, both the dynamical quadrupole deformation in
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even—even nuclei determined from the reduced E2-transition
probabilities®® and the static deformation in odd nuclei deter-
mined from the electric quadrupole moments increase.%’

The increase of the IRs with decreasing N can be attrib-
uted to a number of factors: the spins of the isomeric and
ground states, the neutron binding energies in the initial and
final nuclei, the dependence of the level density of the final
nucleus on the energy and spin, and the structure of the lev-
els above the isomeric state. As can be seen from Table XII,
the spins decrease in going to light isotopes of Ba. They
become 1/2 for the "**!3"12Ba ground states and 9/2 and 7/2
for the isomers '*'™Ba and '?™Ba, respectively. Here the
probability for populating the ground state practically does
not change, because immediately above it is a level with spin
3/2 decaying only into the ground state. At the same time,
the decrease of the spins of the isomeric states obviously
tends to increase the IRs.

The neutron binding energy increases with decreasing
N. Therefore, at y energies corresponding to the giant dipole
resonance, the excitation energy of the nucleus after neutron
emission will be lower for light isotopes of Ba. This leads to
a smaller energy range for the y cascade and, accordingly, to
smaller IRs. However, at large y energies the effect of this
factor will be weaker.

The level density and spin distribution of the levels in
the final nucleus have an important effect on the IRs. As the
parameters determining the dependence of the level density
on the nuclear excitation energy and spin increase, the IR
grows. Both of these parameters increase with increasing
nuclear deformation, which occurs as the number of neutrons
in the nucleus decreases.

Finally, the spectrum of discrete levels above the iso-
meric state and the probabilities for transitions between these
levels determine the IRs in the final analysis. However, the
data on these levels for the Ba isotopes under study are far
from complete.

Calculations of the IRs using the EMPIRE program®®
based on the statistical model lead to qualitative agreement
of both the measured quantities and their dependences on the
excitation energy and on the number of neutrons in the
nucleus. The specific values of the IRs depend on the chosen
level scheme of the final nucleus.

5.4. Measurement of the isomeric ratios in isotopes
with N=81

It is interesting to study the Z dependence of the IRs for
a constant number of neutrons. The group of nuclei suitable
for this consists of isotopes with closed neutron shells
(N=282).
The reactions '**Ba(y,n)"™#Ba, '®Ce(y,n)">™2Ce,
M2Nd(y,n) ¥ ™&Nd, and '“Sm(y,n)'*™8Sm were studied
in Ref. 56, and the isomeric ratios were found for E, =25
MeV. All these nuclei have identical spins and parities in
their isomeric and ground states and nearly identical quadru-
pole deformation coefficients in their ground states. There-
fore, the IRs should not be affected by such factors as the
difference between the spins of the isomeric and the ground
states, which is the same for all and equal to A/=4. More-
over, the isomeric levels for the isotopes 139Ce, “INd, and
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FIG. 21. Dependence of the IR in the (7y,n) reaction for nuclei
with N=381 on the number of protons in the nucleus.
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38m have energy of order 755 keV, while for ¥/Ba it is
661 keV. Therefore, the identical nuclear structure of the
isomers implies that there should be only slight differences
in their excitations.

The Z dependence of the IRs for isotopes with N=382 is
shown in Fig. 21. The data for **Xe(y,n) are taken from
Ref. 60 for maximum 7y energy equal to 22 MeV. The IR has
a maximum in the vicinity of **Ce and !*®Ba and decreases
as the closed proton shell at Z=64 is approached. A similar
situation also apparently occurs for the left-hand side of this
dependence as the other closed proton shell at Z=50 is ap-
proached.

The dependence of the IRs for these nuclei is exactly the
same also at lower excitation energy corresponding to the
maximum of the giant dipole resonance.’ This behavior of
the IRs for nuclei of similar structure is related either to a
different mechanism of isomer excitation reactions, or to a
different scheme of levels via which the isomers are popu-
lated.

In Ref. 69 the observed difference between the IRs was
explained by assuming that pre-equilibrium processes make
a large contribution (up to 70%) in isomer excitation in the
INd and '**Sm nuclei; this would tend to decrease the IRs.
However, such a large contribution from pre-equilibrium
processes just for these nuclei is improbable and is not con-
sistent with the observed neutron spectrum in (7y,n)
reactions.”” The difference between the IRs seems to be
mainly due to the properties of the states via which the iso-
mers are populated.

5.5. Comparison of the experimental and calculated
isomeric ratios

The above-noted similarity between the excitation func-
tions of (y,n) reactions leading to the isomeric and ground
states suggests that these two states have the same population
scheme. This scheme (Fig. 22) includes the excitation and
relaxation of the giant dipole resonance, the formation of a
compound nucleus, and the emission from this nucleus of a
neutron and a 7y cascade. Measurements of the neutron spec-
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64

trum in photonuclear reactions have shown that it corre-
sponds to evaporation from a compound nucleus with aver-
age energy =1 MeV (Ref. 70). At this energy the neutrons
carry angular momentum /=0, 1, or 2 with roughly equal
probability. Therefore, the sequence of spins in the isomer
excitation process will be 0 (initial nucleus)— 1 (compound
nucleus)— 1/2-5/2 (final nucleus)— 11/2 (isomer).

For this scheme the isomer excitation probability or IR
can be calculated using the cascade—evaporation model dis-
cussed above.>%® The values of the IRs in this calculation are
determined by the following factors:

1. The parameters describing the dependence of the level
density on the excitation energy (a) and the angular momen-
tum (o). These dependences are given by Egs. (4.8)—(4.10)
and were discussed above. For the nuclei in question with

==y
- 8 vy 1/27-372 o°

Z, A-1 z A

FIG. 22. Excitation of 11/2” isomeric states in (7y,n) reactions.
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Z=46—62 and N=61— 81, the values of these parameters at
the neutron binding energy are a=11—22 and 0=3-5
(Ref. 26).

2. The excitation energy of the nucleus after neutron
evaporation and before the 7y cascade. This energy is given
by

E=E,—B,—s,, (5.2)

where E, is the effective excitation energy after y capture,
and B, and g, are the neutron binding energy and kinetic
energy. It follows from the form of the excitation of (vy,n)
reactions that the effective excitation energy corresponds to
the location of the maximum of the giant dipole resonance
and is =15 MeV. At this value of E. , the nuclear excitation
energy before the vy cascade lies in the range 3—6 MeV for
different nuclei.

3. The particular scheme of levels via which the A,
isomeric state is populated. For most of the nuclei studied
this scheme is unknown. It has been possible to isolate the
v cascade leading from the initial state to the isomeric state
only for the isotopes '>*Te and 'Te produced in thermal
neutron capture.”!

Therefore, for IR calculations a scheme is used which
corresponds to the statistical distribution of levels in the ex-
citation energy and angular momentum with chosen param-
eters a and o. In this scheme an important role is played by
levels with I™=7/2" and 9/2~. E2 transitions from these
levels to the isomer are possible, and they are closest in
angular momentum to the levels at the beginning of the y
cascade (Fig. 22).

In Fig. 23 we show the dependence of the IRs on the
nuclear excitation energy after neutron emission [Eq. (5.2)]
for various values of the parameters a and o (the maximum
and minimum values). This dependence was calculated with
the above approximations, using the EMPIRE program.68
We see that most of the experimental IRs lie inside the re-
gion bounded by the lines with the minimum and maximum
values of a and o. This means that the calculated and ex-
perimental IRs can be made to agree by choosing these pa-
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FIG. 23. Comparison of the experimental and calculated IRs for
Ce  h,,, states.
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rameters appropriately. However, the values of the param-
eters required for this can differ noticeably from those
known from systematics. For example, the nearly identical
values of the IRs for nuclei at the beginning and end of the
island of isomerism, '°’Pd and '*Sm, require that the values
of a and o also be close, whereas the data on neutron reso-
nances indicate that these parameters differ significantly.

Obviously, the IRs in these nuclei are strongly affected
by the properties of the levels via which isomer population
occurs: their location relative to the isomers and the reduced
probabilities for radiative transitions to an isomeric level.
These levels are primarily 7/2” and 9/27 levels, and their
characteristics can strongly differ for nuclei with different
probabilities of exciting 4, isomers.

6. EXCITATION OF SHAPE ISOMERS IN
PHOTONUCLEAR REACTIONS

As noted in the Introduction, one reason for isomerism
can be a great difference between the shapes of nuclei in the
ground and isomeric states. This difference in shapes is usu-
ally associated with different values of the quadrupole defor-
mation. In a number of nuclei there are known to be excited
states characterized by a quadrupole deformation parameter
(B,) significantly different from that of the ground state.
Three regions of such nuclei can be distinguished.

1. Transitional nuclei (on the boundary of the deforma-
tion regions), which can be weakly deformed
(B2=0.1—0.2) in isomeric states and strongly deformed in
ground states (83,=0.3), or vice versa. Examples of such
nuclei are the isotopes ?Eu, '*®Ho (in the region N=90),
and '°Cs (in the region N=65), in which the isomeric states
have a significantly smaller deformation parameter than in
the ground state.

2. Weakly deformed nuclei, in which the ground and
isomeric states have deformation parameters differing not
only in magnitude, but also in sign, i.e., in one of the states
the nucleus is prolate, while in the other it is oblate. Ex-
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amples are isotopes of Br and I near filled neutron shells and
neutron-deficient isotopes of Hg.

3. Spontaneously fissioning isomers in heavy nuclei of
actinide elements (from U to Bk). At present more than 40 of
these are known. The characteristic feature of these isomers
is the abrupt increase (by a factor of up to 10%2) of the prob-
ability for spontaneous fission. As a result, this decay mode
dominates, which simplifies their identification and measure-
ment. Nuclei in these isomeric states are characterized by
considerably larger quadrupole deformation parameters
(B,==0.6) than in the ground states (3,=0.27).

Studies of shape isomers have shown that the selection
rule for 7y transitions (or other deexcitation modes) determin-
ing their lifetimes depends significantly on the difference of
the deformation parameters in the ground and isomeric
states.”” In the first two regions, where this difference is
small (A 8,=<0.15), the forbiddenness factor is small, and it
makes only an insignificant contribution to the selection rule
for vy transitions, which is determined by the difference of
the spins or their projections on the nuclear symmetry axis.
On the contrary, in the case of spontaneously fissioning iso-
mers, for which AB,=0.3, the forbiddenness factor can
reach 106—10'°,

It is very interesting to trace how this forbiddenness fac-
tor arises in the excitation of shape isomers in various
nuclear reactions. Measurements of the isomeric ratio for
22Am in reactions with bombarding particles ranging from
protons to heavy ions, which transfer significantly different
angular momentum to the nucleus, have shown that it re-
mains practically constant at =4X10"* (Ref. 73). These
measurements confirm the small value of the spin of sponta-
neously fissioning isomers and suggest that vy transitions are
rather strongly forbidden in the population of the isomeric
state.

These features of photonuclear reactions allow more de-
tailed study of the shape-isomer population process and
thereby a better understanding of the set of levels via which
this population occurs. The (y,y'), (v,n), and (7y,2n) reac-
tions with y energy in the range 6—45 MeV, leading to the
production of the spontaneously fissioning isomers 2™y,
2mep,,  29mfpy 24lmfpy 240mfp  242mfA o 249mEA
have been studied. The results of these studies have been
systematized in Refs. 73 and 74.

In Fig. 24 we show the dependences of the yields, cross

VIp), mev

5 F
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FIG. 24. Dependence of the IR and cross section for the reaction
241Am(y,n)2**fAm on the vy energy.

sections, and isomeric ratios on the y energy for the (y,n)
reaction leading to the production of the spontaneously fis-
sioning isomer 2™ Am (Ref. 73). We see from this figure
that the excitation function has the form typical of a reaction
occurring via the formation of a compound nucleus, evapo-
ration of a neutron from it, and then emission of a y cascade.
The isomeric ratio grows rapidly near the reaction threshold,
and then emerges onto a plateau. The same form of excita-
tion function and a similar value of the isomeric ratio
(=5X10"*% also occur for other spontaneously fissioning
isomers: 3°Pu, *'Py, and 2*?Am (Ref. 73).

The similar behavior of the excitation function and iso-
meric ratio is a reflection of a special mechanism of popu-
lating shape isomers (Fig. 25). This mechanism is a conse-
quence of the complicated shape of the potential barrier in
heavy nuclei, which has a double-humped structure and a
rather deep minimum at the quadrupole deformation param-
eter B,=0.6 (Fig. 25). The lowest state of this second mini-
mum is an isomeric state (the lowest state of the first mini-

FIG. 25. Dependence of the potential energy of the nucleus on its defor-
mation.
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FIG. 26. Dependence of the IRs on the excitation energy in the reactions
B5U(d,p)B™U  (solid line), **U(y,7")?*™U (points), and 2*'Am
(n,7)*™Am (triangles).

mum is the ground state), and there is a whole set of levels at
the second minimum. The wave functions of these levels are
restricted to lie within the second well, and their overlap with
the wave functions of the first well is very small. This ex-
plains why 7 transitions from the isomeric level are forbid-
den. When it absorbs a y quantum (or any other particle), the
nucleus goes to one of the states of the first well. Owing to
the strong interaction between the single-particle and collec-
tive degrees of freedom in the nucleus, part of the excitation
energy can be transformed into quadrupole oscillations, and
the nucleus can acquire a deformation corresponding to the
second well. Here the reverse process can occur: the defor-
mation energy can be transformed into thermal energy, and a
compound nucleus with large deformation and excitation en-
ergy measured from the second well can be formed. If this is
accompanied by evaporation of a neutron from the nucleus,
the nucleus ends up in one of the lower states of the second
well. Owing to the small overlap of the wave functions of the
levels of the first and second wells, deexcitation of the levels
of the second well by a y cascade leads to the isomer. For
this reaction mechanism the cross section for forming a
spontaneously fissioning isomer in the (y,n) reaction has the
form

o Ffl l_‘n2
m OI‘ﬂ+Fn1 [p+Dyp°

(6.1

where o is the cross section for compound-nucleus forma-
tion in the absorption of a y quantum, I'; and I, are the
fission and neutron widths, and the subscripts 1 and 2 refer to
the first and second potential wells. In this mechanism of
populating the shape isomer the isomeric ratio is given by

I _Tn T
[y Tpt+lay’

(6.2)

Tg

The characteristic feature of nuclei located in the second well
is the fact that for them the barrier height E is significantly
lower than the neutron binding energy (Fig. 26). For the
studied isotopes of Pu and Am this difference is
B,— Ez=3 MeV. For this relation between B, and Ep the
fission width of the levels in the second well is much larger

450 Phys. Part. Nucl. 27 (4), July—August 1996

TABLE XIII. Fission-barrier parameters obtained from analysis of (y,n)
and (7,7’) reactions.

Barrier parameters, MeV

Nucleus Reaction E, Eg E, hw, hwg
28y 28(y,y)  6.0(3) 6.03) 3.0(4) 12020 0702
2Pu 2pu(y,n) 582)  3303)

BPu(y,y)  653) 5.5(3) 1.03) 0.5(2)
241py Yy(yn)  6.1(3) 5120 273) 1.13) 0.6(2)
20Am HAm(yn)  64(3) 5212 303) 0.73) 0.4(1)
22Am Am(yn)  6.4(3) 5.1(2) 24(3) 06(2) 0.4(1)
23Am Am(y,y)  6.03) 5.503) 072 0.5(2)

than the neutron width (ihig is what increases the fission
probability for the second well). In this case (I’ 2> ,) the
isomeric ratio can be written as
O _ E I‘nZ

o, Tl

(6.3)

In the statistical theory of the nucleus the neutron and fission
widths at excitation energy E are given by

E-B
0 np(E_Bn)EndE

= (6.4)

- I "p(E~B)dE
I 2mp(E)

(6.5)

If the expression obtained in the constant-temperature model
is used for the level density, the isomeric ratio takes the form
on  Ep—E,—E,

— =€ —T-— 5 (6.6)
where E, and E are the inner and outer fission barriers, and
E,, is the energy of the isomeric level (Fig. 25). We see from
Eq. (6.6) that the IR and its dependence on the excitation
energy depend on the parameters of the fission barrier E4 ,
Ep, and E,,. Therefore, measurements of the excitation
functions of reactions leading to spontaneously fissioning
isomers can be used to determine these parameters. The val-
ues of the parameters of the double-humped fission barrier
for Pu and Am isotopes obtained in this manner are given in
Table XIII.

Like other isomeric states, shape isomers can also be
excited in the inelastic scattering of low-energy vy quanta.
However, there is much less information on this type of re-
action than on the (y,n) reaction leading to spontaneously
fissioning isomers. The only available data are on the cross
sections for the reactions Z°Pu(y,y’)**™Pu and
WAm(y,y )™ Am for y energies in the range 7-12 MeV
(Ref. 75) [0,=8 ub, (0,/0,)=5%10"*]. The formation
of spontaneously fissioning isomers at excitation energies be-
low 7 MeV has not been observed, and the isomeric ratio is
(0p/0g)<1074.

The dependence of the isomeric ratio on the excitation
energy can be studied in greater detail by using data on other
reactions, namely, (n,y) and (d,p) reactions. The depen-
dence for the isomers of 2*°U and *?Am including these data
is shown in Fig. 26 (Ref. 76). We see that the probability for
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producing spontaneously fissioning isomers falls off rapidly
as the excitation energy decreases below 6.5 MeV. This ex-
citation energy corresponds to the height of the barrier sepa-
rating the two potential wells. It can be concluded from the
energy dependence of o, /0, shown in Fig. 24 that the ex-
istence of this barrier makes vy transitions populating the iso-
meric state strongly forbidden. This forbiddenness is due to
the above-mentioned small overlap of the wave functions of
the excited levels of the first and second potential wells. At
excitation energies above the barrier the degree of overlap of
the wave functions increases, the forbiddenness of 7y transi-
tions decreases, and the isomeric ratio becomes the same as
in (,n) reactions far from the reaction threshold.

7. CONCLUSION

By studying photonuclear reactions with the excitation
of isomeric states it is possible to obtain a great deal of new
data about the properties of the levels via which isomer
population occurs. These data give information about the pa-
rameters of these levels: their energies, spins, parities, and
nucleon configurations, and also about the multipole orders
and reduced probabilities of radiative transitions between
these levels and the ground or isomeric state.

At low excitation energies (below 2 MeV), the isomer is
populated via levels with spin intermediate between the spins
of the ground state and the isomer. These levels are con-
nected both to the ground state and to the isomer by radiative
transitions of low multipole order (E1, M1, and E2), for
which the reduced transition probabilities have values typical
of transitions between low-lying nuclear levels (1-10 Weis-
skopf units for E2 transitions, 10”2 W.u. and 10™* W.u. for
M1 and E1 transitions, respectively).

At higher energies (2-5 MeV), there are relatively few
levels (or groups of closely spaced levels) involved in this
excitation. These levels are connected to the ground state by
radiative transitions with large reduced probabilities (10100
times larger than for transitions between low-lying levels).
Finally, in the vicinity of the neutron binding energy the
nucleus upon absorbing a y quantum ends up in any of the
excited states connected with the ground state by E1 or M1
transitions.

There are two special features of isomer population from
excited states:

1. For deformed nuclei, there is practically no selection
rule in the quantum number K in the radiative transitions of
the y cascade leading to the isomer. Therefore, the levels of
the rotational band constructed on the isomer are populated,
which can significantly increase the isomer excitation prob-
ability.

2. At the same time, radiative transitions are rather
strongly forbidden in the case of isomers with deformation
markedly different from that of the ground state. This forbid-
denness is strongest at low energies of the levels involved in
isomer population and decreases as their energy increases.
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